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An apparatus for producing atmospheres of known relative humidity, based on the 


two-pressure principle’, is described It has a working space (test chamber) of 1 cubic 
foot, in which the relative humidity may be varied and controlled from 10 to 98 percent, the 
temperature from 10° to +40° C, the air flow up to 150 liters per minute, and the test- 
chamber pressure from '; to 2 atmospheres. The humidity in the test chamber may be set 
" and maintained to an accuracy of at least 4% of 1-percent relative humidity 
4. 
l. Introduction (1I—KP,)/A—KP,) is shown in table 1 for the 
applicable range of test-chamber pressures (' to 2 
pressure-humidity equipment is a laboratory | atm) and relative humidities (10 to 100%). With at- 


ratus for producing atmospheres of known re- | mospheric pressure in the test chamber the maximum 
ve humidity by control of the pressure in the test | error does not exceed 4 of I-percent relative 
mber of air saturated at a higher pressure. As | humidity and hence, for most work, may be neglected. 
; apparatus was developed primarily for hy- | Even at a test-chamber pressure of 2 atm, the 
meter research and calibration, especially on | maximum error is less than 0.5-percentrelative humid- 
tric hygrometer elements, which, during use, are | ity. For very precise work, it is preferable to use 
jected to a wide temperature range, it was essential | the empirical equation. 

it the temperature of the working space should be 


lequately controlled and maintained at any desired | 14848 1. rrr due to nonideal behavior of water-vapor—ai 
- ilue from —40° to +40° C. Futhermore, it was mucieel 
~ rable that any relative humidity, from 10 to 98 
sa cent, should be conveniently produced and that a Ten Se ee 
inge could be made rapidly from any one value of y. 3 ey Bee eo me ‘ , 
itive humidity to any other value. Finally, it pressure 
also desirable to have a means of varying the rate Erver in relative humidity, peresut 
iir flow through the working space, selected to — a 
ea volume of about 1 ft als am 
\n apparatus has been developed that successfully 0 a | at co) ae 
ets the above requirements. It operates on what 2 0 0 ” " il 7 
be called the “‘two-pressure principle.”’ Basi- 
the method, shown in elemental schematic form The pressure method was developed by Weaver 


figure 1, involves saturating air, or any gas, with | and Riley (see footnote 2) for the calibration of 
iter vapor at a high pressure and then expanding | electrically conducting hygroscopic films used in the 
ihe gas to a lower pressure. If the temperature is | measurement of water vapor in gases. Their equip- 


d constant during saturation and upon expansion, | ment was designed for low rates of gas flow and was 
ind the perfect gas laws are assumed to be obeyed, | used under ambient room-temperature conditions. 
then the relative humidity, RH, at the lower pressure 
/’,, will be the ratio of the absolute values of the 


ower pressure, P,, to the higher pressure, P,, that is, 
RI 100 P,/P, 
Water vapor-air mixtures depart from ideal gas 
havior, so that the simple pressure ratio does not 


ckly define the relative humidity. Weaver 
shown that an empirical equation of the form 











P, (—KP,) 


RH= 100 <P (—KP.)’ 
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e the constant A has a value of 0.00017 when 
pressure is expressed in pounds per square inch, 
e closely yields the true relative humidity. The 

tude of the correction introduced by the term 





Ficgure 1. Simplified schematic drawing of the principle of 


operation of the pressure-humidity apparatus 
pment of this apparatus was sponsored by the Aerology Branch 


u of Aeronautics | A, high-pressure air source; B, pressure regulator; C, saturator; D, pressure 
iver, and R. Riley, J. Research NBS 40, 169 (1948) RP1S65 | gage; E, expansion valve; F, test chamber; G, pressure gage; H, exhaust valve; 
Anal, Chem. 23, 1076 (1°51 | I, atmosphere or vacuum source; J, constant-temperature bath 
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Their saturator was a small evlinder, containing heat exchangers A/7, A119, and A2/ and centrig 


water and filled with ffagments of pumice or stream- | saturators A/S, A20, and A22 precipitates this « 
washed gravel through which the gas could be water vapor so that just complete saturatir . 
bubbled under pressure obtained in the final saturator, A22. The 


saturators and heat exchangers are shown in fig 
The saturators are simple in design and fun 
equally well below as well as above the fre 


2. Description of Apparatus 





The apparatus is shown in block diagram in figure point of water They are similar to a tvpe 

and schematically in figure 3 It consists. essen viously used‘ with considerable success Keach 
tially, of the following functional components, through | Saturator consists of a evlinder to which water js 
which air flows continuously A high pressure au added to a convenient depth Air is discha ed 


through a nozzle into the chamber above the wate; 


source, a low-temperature drying system, a filtering 
surface and tangential to the vertical walls and js 




















system, a Warm-up unit, a pressure regulator, a 
humidifving system, an expansion valve, atest exhausted through a central port in the top L he 
chamber, and an exhaust control system centrifugal force creates a whirlpool action that 

Air is supplied from a 250-psig reciprocating thoroughly mixes the water vapor with air.  Spra 
cOMpressor Al figure 3, capable of delivering 5 and liquid water are foreed to the walls by centrif 
ft‘min of free air at room temperature This au ugal foree, so there ts little tendeney for liquid Water 
is filtered (12) to remove pipe scale, dirt, dust, o 
other solid material, and is then introduced into the 
drving svstem (fig. 4 . ¥ . 

Water from the air at the supply pressure is, ae 

. ae ‘ 
removed by freezing in a train of four drying units a2 a3 
immersed in a bath, ), containing a mixture of dry 
iwe and Stoddard solvent. The first two units, A4 
and .A6, are large-capacity centrifugal water sep 
arators. These are followed by a copper coil, A6 
and a baffle dryer, A? Particles of snow or ice and ee : — 
droplets of oil (from the compressor) are caught by — 
a filter, AS, which is maintained immersed in the 
same low-temperature bath, )) - - ws . 
The au emerges from the drver at about a | NWN > 
. A , 
It is then heated in the warm-up unit to a tempera- tH 
“5 
ture somewhat greater than that being maintained 
, ‘Tt aze aa ¢ 
in the thermostatted liquid bath, 3 The warm-up an? age as (6 
unit consists of an electric heater, AY, that is con aze rWwe ve are(s 
trolled by a thermoregulator, A/V. Two pressure ° 
regulators, A/3, and A/4, in series reduce the = i a 
sure and maintain it constant in the hymidifving — 
svstem _ 

Saturation is accomplished in four stages. The LW 
air is first passed through the external gross satura- azd a 
tor, A/S, which is kept at a higher temperature than 
the bath, B, and then through the three bath satu- 
rators, A/S, A20, and A22. The gross saturator, = 
because of its higher temperature, introduces water 
Vapor in excess of that required for complete satura ane as a2? 42) 6820 we as a ais 
tion at bath temperature. The combination of = ees 

\-f}---% 
tT? Te re Tr 
" 8 waew 
> EMPERATURE > P . > N Fiotvre 3 Schematic flaw diagram of the pressure-" 
ving Svs Tem ‘ 
apparatus : 
’ 

s 5 4 filler; A valve centriftgal water s« 

stor: AG, copper o Y A7. fin air dr 

ic heater; Ald imetal thermoregulat 

. N N v N t Re off valve; Al3, pressure regulator; Al4, pressur 

v ‘ as VAL Y = Trew _ rE \ R oss saturator; Alé, resistance thermometer and tt 
Al?, 19, 21, 2 opper coil heat exchangers; AIS, 23), 22, centrifugal sat 

A23, 27, pressure gages; A24, expansion valve; AQ, test chamber, AD 

, flowmeter; A2¥, exhaust control valve; B, insulated liquid (Steddard 
onstant-temperature bath; 1), insulated dry-ice bath; H1, bimetal ther 

lator 12, electric heater; H3, input voltage; Tl, Stoddard solvent cool 

urea 2, positive rotary displacement pump; T3, motor; T4, Stoddard solvent 
_ " “oF salve; 7 Steddard solvent control valve; T6, centrifugal stirrer; T7 
ave > va rv) RCE ectric heater: TS, intermittent electric heater; TY, 10, thermistors; V1 

VAL swurece, V2, vacuum shut-off valve 
rr ne 2 Pil gram of the pressure-/ lity apparatus ‘ Arnold Wexler, J. Research NBS 45, 357 (1950) R P2145, 
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Bath saturators, heat exchangers, and test chamber 


emerge through the exit port. A multilayer fine- 

screen baffle is used at the exit as a further guard 
‘inst the escape of liquid water As air does not 
‘ble through the water but only passes over its 


xposed surface, the water may be frozen without 
uring the functioning of the saturator 
(pon emerging from the final saturator, A22 


pressure of the air is reduced by expansion 
124. Because a temperature drop may occur 
air at the expansion valve, a final heat ex- 








nger, 125, is provided for bringing the air to 
temperature before it enters the test chamber, 


working space, A26, is a cylindrical chamber 

a nominal volume of 1 ft It is shown with 
over removed in figure 6. Tubular 

from the chamber to allow electric leads to 

ght in and out of the working space. The 

harges from the chamber into a linear flow- 

128, and then through an exhaust control 

129, into a vacuum simply into 


outlets 


source or 
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Figure 7 Tempera « controle 

I, Thermistor; R, preci attery; S$ witel 
A, microammeter; Gi, from yp t; I 
fuse; J, power relay; FE, i H, batl 
heater; V, input voltage for my 





the room ai 
counterweight system so that’ it can be easily raised 
above or immersed into the liquid bath, B.A length 
of flexible metal hose, between the test chamber, 
A26, and the final heat exchanger, A25, permits the 
test chamber to have the required motion 

The saturation pressure, ?,, is measured in the 
final saturator, A22, by A283, and the test 
yressure is measured in the test chamber by gage A2? 
These measurements are made with high-precision 


The chamber is suspended from a 


yare 





Te a oo 





laboratory test gages that have been calibrated 
against the National Bureau of Standards pressure 
standards. For atmospheric or reduced pressures, 
a high-quality calibrated aneroid barometer is used 
From atmospheric pressure up to 2 atm, a mer- 
curial manometer is employed. The higher pressures 
are determined with either a 0- to 50-psig or a O0- to 
200-psig Bourdon tube gage 

The temperature of the liquid bath, 4, can be 
adjusted to and closely regulated at any temperature 
from —40° to +40° C by a simple on-off thermo- 
statting system. Stoddard solvent, which is used as 
the bath liquid so that low temperatures may be 
attained, is actively agitated by a centrifugal stirrer, 
76, and is circulated from the bath, 2, by a positive 
rotary displacement pump, 72, through a copper 
coil, 77, immersed in a mixture of dry ice and 
Stoddard solvent in bath D) and back into bath 2. 
By proper manual setting of a bypass valve, 7%, 
and a control valve, 75, the rate of Stoddard solvent 
flow is adjusted so that the bath B tends to cool 
slightly The desired bath temperature is estab- 
lished by resistances (coupled helical precision 
rheostats), ?, in a Wheatstone bridge circuit, figure 7. 
Thermistors, 7’, with temperature coefficients of 4 
percent/deg C, are employed as the temperature- 
sensitive elements. Any cooling disturbs the bridge 
balance, which is sensed by a galvanometer relay, 
G. A current of ‘wa deflects the galvanometer 
pointer against a magnetic contact, actuating a 
power relay, P?, and, in turn, intermittent bath 
heater, /7. The operation of an electromagnetic 
ylunger returns the pointer to a sensing position. 
f the bridge is anledenaed, the pointer will deflect 
and again throw on the heater; if the bridge is in 
balance, the pointer will remain in a null position 
An electronic pulsing circuit, ?, periodically triggers 
the plunger so that the pointer may sense the bridge 
balance 


3. Operation of Apparatus 


The method of operation of this equipment is 
simple. The instrument, material, or device under 
investigation is inserted into the test chamber, the 
latter closed and immersed into the liquid bath. 
Distilled water is added to each saturator to an 
appropriate defth. Solid carbon dioxide is then 
added to the dry-ice bath, D. The temperature of 
the liquid bath is brought to and maintained at the 
desired value. Air from the high-pressure source is 
allowed to pass through the apparatus and the 
pressures in the saturators and test chamber adjusted 
to give any preselected relative humidity. The 
thermoregulator controlling the temperature of the 
air passing through the warm-up unit is set to main- 
tain a temperature in the external saturator several 
degrees higher than in the liquid bath. When ther- 
mal equilibrium had been established in the com- 
ponents in the liquid bath, the pressure ratio indi- 
cates the correct relative humidity in the test cham- 
ber. Changing the relative humidity primarily 
involves adjusting the pressure regulators so that 


| 
| 
| 





they will maintain a new pressure in the satu 
To maintain a constant air flow, a minor adjus ’ 
of the expansion valve is also made. 

When atmospheric pressure is desired in theo 
chamber, the air emerging from the cham! . 
allowed to exhaust directly into the room. Eley: 
pressures in the chamber are obtained by thro 
the flow from the chamber by means of the ex!) ys; 
control valve, A2?, figure 3. Reduced pressur:s jy 
the chamber are achieved by attaching a vacium 
source to the exhaust control valve and adjusting 


the valve to give the required reduced pressure 
In operating below freezing, one precaution jus 


be observed. The level of the water in each satura. 
tor must be kept below the inlet nozzle, otherwis, 
on freezing, the opening will be sealed by ice 

The equipment may be operated continuously fo; 
8 to 16 hr, after which the accumulated water ip 
the dryer should be removed. Failure to do so nay 
result in clogging of the dryer by ice and the redux 
tion, or even complete stoppage, of air flow. 

The removal of water from the dryer is accom- 
plished in two steps. First the dry ice bath 
raised to room temperature by a thermostat, /// 
and heater, /72. Then suction is applied by vacuum 
source VJ and room air drawn through the reversal 
valve, A//, and dryer until all the water has been 
evaporated. Overnight operation usually suffices to 
remove most of the water. 


4. Performance and Accuracy 


The psychrometric and dew-point methods of 
humidity measurement were used independent} lo 
evaluate the accuracy of the humidity produced by 
the equipment. A thermocouple wet-and-dry-bulb 
hvgrometer was employed over a wide range of 
relative humidities and at temperatures from 0° to 
30° C. A dew-point instrument having a thermo- 
couple embedded just below the surface of a small 
(4 in. in diameter) mirror for temperature measure- 
ment, manually controlled heating and cooling of th 
mirror, and visual observation through a telescop 
for dew and frost detection, was constructed and 
used to measure dew points from room temperaturr 
down to —27° C. A series of experiments was madi 
in which the relative humidity measured by the 
above two methods was compared with the relative 
humidity given by the ratio of the test-chamber 
pressure to the saturator pressure. The results are 
shown in table 2. The average difference in per- 
centage of relative humidity between the psychro- 
metrically determined values and the apparatus 
values given by the pressure ratio is +0.4 percent 
and the average difference in percentage of relative 
humidity between the value determined by dew- 
point measurement, and the apparatus value given 
by the pressure ratio is +0.6 percent. Similarly, 
the algebraic average differences are —0.2 and 0.0 
respectively. It may be assumed that as there is 
no marked tendency for the differences to be either 
positive or negative, the air passing through the 
saturators emerges neither supersaturated or under- 
saturated. 
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TABLE 2 Summary of calibration 
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relative-humidity range obtainable is limited 
range of ratios of test-chamber pressure to 
tor pressure. The maximum saturator pres- 


that can be employed with this apparatus is 


50 psi. When the test chamber is maintained 
maximum pressure (about 2 atm), the mini- 
relative humidity is about 20 percent. At 
pheric pressure, a relative humidity as low 
percent is readily produced, and at a reduced 
re of ‘4, atm, the minimum relative humidity 
ses to 5 percent 

temperature range of the equipment extends 
10° to +40° C. The upper end is limited 

flash point of the bath liquid (Stoddard 


solvent However, by substituting water for Stod- 
dard solvent as the bath liquid, the upper end of 
the temperature range may be extended to about 
90° C 

The accuracy with which any desired relative 
humidity may be established is a function of the 
uniformity of temperature in the apparatus, par- 
ticularly in the final saturator and the test chamber 
The relative humidity in the test chamber will be 
equal to the pressure ratio of the test chamber to 
final saturator only if these two units are at the 
same temperature. The distribution of temperature 
within the saturators, test chamber, and surrounding 
liquid bath was explored by means of thermocouples, 
located at the inlet, outlet, and in the water of each 
saturator, near the front and rear of the test chamber, 
and at four separate points within the liquid of the 
bath. As an indication of the variations in temper- 
ature that may exist in the apparatus, data are 
presented in table 3 of the average temperatures 
at various locations for three 2-hour runs at different 
ambient temperatures. It may be seen that the dif- 
erentials are of minor magnitude, especially between 
the final bath saturator and the test chamber 





TABLE 3 Te mperature distribution 
I i Mr ur 
Ir il bath satu ( ( ( 
Air inlet 4 24 
Air out 7) 23.30 2 
Water 9. ~» 0. 3 


bath saturator 





a 2 0.4 
nf 23. 36 we 44 
‘ 2 ” w). 39 
atu 
v4 v i) 45 
t ne 1) 44 
fw i 0.4 
104 4 
Rear ¢ 2 ‘ 
Bath 
Sid hamt 64 ts 0. 4 
Expa on valve 4 0) 4 
Rear test chamt 61 y 0.390 
Bot 158 Zt. 38 1 


The constancy of bath temperature is of impor- 
tance, for quite often materials or hygrometers under 
investigation are temperature dependent. The con- 
trol system has effectively regulated the bath at 
temperatures from —40° to +40° C. For periods 
of time of 2 to 5 hours, average fluctuations of 
0.02 to 0.05 dee. have been observed 


5. Discussion 


This equipment has been used successfully for 
calibration testing and research. The working space 
of 1 ft* is ample for most instruments, materials, 
and devices that have to be completely immersed 
in an atmosphere of known relative humidity. There 
is no theoretical limitation on the size of the test 
chamber that may be emploved with this type of 
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equipment; a larger sized chamber would simply 
require a larger surrounding liquid bath Neither 
limitation on the geometry of the test 

eviindet chosen in this 


but anv other space contigura 


is there any 
chamber \ 
ense of construction 


wis case for 


tion can be substituted Even in the present design 
the evlindrical test chamber can be uncoupled from 
within the limitation of the available 


the setup, and 
or design of 


bath 
chamber cun bye 
Occasionally air of known o1 preestablished dew 


space, any other size shape 


nitac hed 


point is required at a place or instrument remot: 
from the test chamber The desired dew pot 
can be readily produced by the apparatus, and all 
er part of the air from the test chamber can be 
piped wherever needed. The only limiting factor 
involves the temperature of the ambient air, which 


must not drop below the dew poms of the au flowing 
through the 
tion may occur in the lines 

relative humidities obtainable with 


transmission tubing, because condensa- 


The range of 


this type of equipment may be extended to much 
lower values by using a higher pressure source \ 
250-psig COMpressor operating between 150 to 200 


and prov ides 


low 


psig, is used in the design 
relative humidities that are sufficiently 
Much higher pressures would necessitate 

capable of withstanding high 
Similarly, for flows in excess of 5 ft*/min, 


a compressor having a larger volume capacity would 


pt esent 
for most 
pul poses 

components those 


pressures 


be required 

The rapidity with the 
mav be changed depends primarily on the 
volved in adjusting the pressure regulator, which 
the Minor adjust- 


ments of the expansion valve and the exhaust con- 


humidity 
time in- 


which relative 


controls saturation pressure 


trol valve may be required after the major pressure 


adjustment has been made These operations can 








low ria 
the tin 
quired for performing the above mechanical , 


easily be executed within OU sec At 
flow, the limiting factor ceases to be 
tions and becomes, instead, the time involy 
purging air of one relative humidity, with 
another relative humidity The component 
the maximum air volume is the test 
has a space of about | ft®, so that the purging 
depends upon the rate of air flow through this 


chambs 


volume 


6. Summary 














({n apparatus of versatility and convenien: 
producing atmospheres of known relative hun 
has been developed and constructed at the Bu 
It operates on the “two-pressure principle,” whi 
air is saturated at a high pressure and expande: 
lowe! pressure the relative humidity at the 
pressure being the ratio of the lower to higher 
sure, provided the operation is performed at 
stant temperature 

Important parameters can be varied and cont: 
over wide ranges: relative humidity from 10 to 48 
percent; temperature from 10° to 40° ©; flow ' 
up to 150 liters/min; test-chamber pressure frot ; 
to 2 atm. The relative humidity can easily by } 
changed from one valve to another within 30. se 

Independent checks on the accuracy of the rela ; 
tive-humidity production with the psvchrometriv 
and dew -point methods have vielded average agres 
ments of 14 to 0.6 percent As the latter 
methods of measurement are probably no mor 
accurate than about +0.5 percent, it is reasonabl 
to assume that the apparatus produces relativ: 
humidities that are known to at least 0.5-peres 
relative humidity 

Wasuineron, December 12, 1951 

J 
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Heats of Copolymerization of Butadiene and Styrene 
from Measurements of Heats of Combustion 


Raymond A. Nelson, Ralph S. Jessup, and Donald E. Roberts 
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of the purified materials are given in table 1 
polymers were prepared by emulsion polymer- 
The ‘‘modifiers’’ used were commercial 
ecyl mereaptan (DDM) for the 50° C polymers, 
ommercial tert-dodecyl mercaptan (Sulfole) for 
( polymers 
purification procedure involved dissolving the 
n benzene and precipitating it by pouring 
ition slowly into methyl aleohol while stirring 
was done three times Then the purified 
was again dissolved in benzene, a small 
of phenyl-beta-naphtbylamine was added 
antioxidant, the mixture was frozen, and the 
ne was removed by sublimation in vacuum to 
: product similar to foam rubber in appearance 
procedure removed soap, fatty acid, and stabi- 
as well as some of the low-molecular-weight 
er. In the present work no significant dif- 
e was found in the heats of combustion of 
s burned as received after the treatment 


The heats of combustion of two samples of polvbutadiene and four copolymers of buta 
diene and styrene prepared at 50° ( 122° | and one sample of polybutadiene and four 
copolymers polymerized at 5° C (41° F) were measured in a bomb calorimeter Phe styrene 
tents in the copolymers varied from approximately 8 to 55 weight percent 
\ value for the heat of polymerization (or copolymerization was calculated for eacl 
ample by combining the experimental value for the heat of combustion with other know: 
hermochemical data The mean value obtained for the heat of polymerizatio: Mi of 
polybutadiene is 17.4 keal per monomer unit, and the values obtained for the heat of co 
polymerization varied from 17.1 to 17.7 keal per monomer unit No apperciable differences 
was found between the heats of copolymerization of the 5° C and 50° C polymers Phe 
at of copolymerization can be repres¢ nted as a function of stvrene content of the olvimer! 
by an equation of a form derived theoretically by Alfrev and Lewis, although the conditions 
inder which the polymers were formed were such that some of the assumptions under rt 
derivation of the equation were not satisfied 
1. Introduction Paste tl. A / 
surements have been made, by means of a Ph 
calorimeter, of the heats of combustion of | : H : \ — 
. imples of poly butadiene and eight copoly mers ul 
tadiene and styrene, ranging in stvrene content 
ipproximately 8 to 55 percent by weight (5 to ( I 
le & Two of the samples of polybutadiene 
four of the copolymers were prepared by poly- \ as 46 4 j ) " . 
ition at 50° C (122° F), whereas the others Git 8. 6 , : ‘ 
- ‘ . ny I Sy x 5S as. UN ; 
polymerized at 5° C (41° EF The data have x4 so 80.4 " . 
ile i ~ ” “ j ~ 
combined with other thermochemical data to 2B | 6A , 
values for heats of poly merization and copoly 
tion wt 
; ; B 0 as 4 . " 
2. Source and Purity of Material = an | eee tee ; 
X~<78 ~> 4 ao 443 4008 ix »~ 
‘ i“ “a au j ‘ 
materials used in this investigation were made - >| a 4 ; 
ible by the Reconstruction Finance Corp., 
of Rubber Reserve, and were purified in the Added after a 
" . mr r ! I L- 
Section of the Bureau. Some of the prop- : r X-454 6.08 


described above and after further evacuation to 
about 107-' mm of mercury for several days at room 
temperature 

The purified samples were analyzed quantita- 
tively, and the results are reported in table 1. The 
styrene contents reported in this table were calcu- 
lated from the carbon-hydrogen ratios (corrected for 
mercaptan ) 

A part of the experimentally determined sulfur 
content of sample X-454 was found to be present as 
an imorganic impurity, rather than as mercaptan 
attached to the polymer chain. The sulfur content 
reported in table 1 for this sample is the excess of 
the total observed sulfur over that found to be pres- 
ent in the inorganic impurity. The experimentally 
determined sulfur content of sample GL-657, which 
contained no styrene, Was higher than that calculated 
from the observed carbon-hydrogen ratio on the as- 
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sumption that the sample consisted entirely of do 
decyl mereaptan and polybutadiene. It was assumed 
that the difference was due to sulfur in inorganic im- 
purity (as in the case of sample X-454), and the 
sulfur content reported is that calculated from the 


carbon-hyvdrogen ratio 


3. Method and Apparatus 


The apparatus and procedure used in the bomb 
calorimetric measurements have been described pre 
viously [1, 2, 3, 12].'. The bomb used has a capacity 
of 381 ml. One milliliter of water was placed in the 
before expermment. The 
into 


combustion 
first 


bomb each 


polymer samples used were compressed 
pellets 

The calorimetric system was calibrated with NBS 
Standard Sample 39g of benzoic acid, using the value 
26433.8 abs j/¢ for the heat of combustion of this 
material under the conditions of the standard bomb 
process [3, 4 5} 

In calculating the results of the heat of combustion 
measurements, the amount of the combustion reac 
tion in each experiment was determined from the 
mass of carbon dioxide formed, using the value 44.010 
gy for the molecular weight of carbon dioxide [21] 
‘Tests were made for carbon monoxide in the gaseous 
products of combustion after the carbon dioxide had 
been removed, using a colorimetric method developed 
at the Bureau [6]. No carbon monoxide was found, 
and no soot or other evidence of incomplete combus 
tion was found in the bomb in any experiment 

Corrections were applied to the observed heat of 
combustion in each experiment for heat of stirring, 
heat transfer between calorimeter and surroundings, 
inition energy (22 j), and energy produced by the 
formation of aqueous nitrie (58.8 kj/mole) and sul- 
furic (305.7 kj/mole) acids in the bomb. The last 
two corrections were made on the basis of the anal- 
vsis of the washings from the bomb after each com- 
bustion experiment. The air initially in the bomb 
was not flushed out with oxygen in these experiments 
The atmospheric nitrogen was left in the bomb be 
cause the oxides of nitrogen are known to catalyze 
the formation of sulfuric acid from sulfur dioxide, 
oxygen, and water 

The aqueous solution in the bomb at the end of 
each experiment was analyzed for the acids formed 
during the combustion by first determining the total 
acidity of the bomb washings by titration with a 
standard solution of sodium hydroxide, using methyl 
orange as the indicator, then removing the nitrate 
by evaporating the solution to dryness, and finally, 
determining the sulfur by precipitation as barium 
sulfate and weighing. The percentage of sulfur so 
determined averaged 0.01 lower than the values re- 
ported in table 1. The total correction for acids did 
not amount to more than 0.2 percent of the total 
heat produced in the combustion reaction 

The observed heat of combustion, —AU’,, in each 
experiment was reduced to the value of —AU:, the 
ature references at the end of this 


ate the liter 


Figures in brackets indk 








decrease in intrinsic energy accompanving the 
tion 


. ‘ b—2e 
C.H,OS,(solid polymer) + (a+d , On(g 
. b 
aCQO. (¢g dSO.(g » HO (iq 
using the Washburn procedure [7] modified so a. to 


apply to 28° C and to the energy content of the 
at zero pressure instead of 1 atm 

The measurements were made in terms of the 0 
lute joule as the unit of energy. Conversion to th 
conventional thermochemical calorie 
means of the relation 


was mad 


1 cal 4.1840 abs | 


4. Results of the Calibration Experiments 


All the measurements of heat of combustion rm 
ported in this paper were made with the same calo 
rimetric system. However, the work was carried out 
over a period of about 2 years, and, because of ne« 
essary repairs to the calorimetric system, it was 1 
calibrated several times during the course of the 
work. Table 2 presents a summary of the values 
obtained for the energy equivalent of the calorimeter 
and the numbers of the polymer samples whose heats 
of combustion were measured, using each value for 
the energy equivalent 


TaBLe 2 Enerqu equivatent of calorimeter 
Er iva Polyt : 
( 
M4444 A 
72.2408 an, X44 cto 
, Ls GL 
4 O48 cil“ 
Len 14 GLa“ 
1 GL 661 (experime and 
, ' GLA lexper md 4 
wu 
X 44 
Mi4 xX 
1 / | HK 
* The numbers following the + signs are the standard i f 
sponding mean values of energy equiv lent 


5. Experimental Results 


The results of the heat of combustion experiments 
are reported in tables 3 and 4, where — AU’, represents 
the observed heat of combustion at 28° C under the 
conditions specified by the volume (381 ml) of the 
bomb, the mass (1 g) of water placed in the bomb 
before each experiment, the temperature (28° C) to 
which the combustion reaction is referred, and the 
data given in columns 3 and 5; and where —Al 


represents the decrease in intrinsic energy accom- 
panving reaction (1) with all the reactants and prod- 
ucts in their standard thermodynamic states at 28° ( 

polybutadiene ar 


(The data on sample A of 50° C 
for 30° C.) 
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we The values obtained experimentally for the mass 
“"r of carbon dioxide formed during the combustion are 
‘ less than those calculated from the carbon content 
of the samples based on the elemental analysis, the 
maximum difference being about 0.2 percent. The 
apparatus for determining the carbon dioxide was 
2UK7§ tested several times during the course of the work, 


ae 
- 
metric 
et a The difference between 


2050. 4 using NBS Standard Sample 
2 and was found to vive results that check the stoichio- 


values within 0.01 percent on 


the observed 


the 
and 


39¢ of benzoic acid, 


average 


stiochio- 


metric values for the mass of carbon dioxide formed 


during the combustion of a polymer is probably 
due to moisture absorbed by the sample 

The results reported in tables 3 and 4 include the 
the phenyl-beta-naphthyla- 
mine that was added to the samples as an anti- 
These results were corrected for the heat 


heat of combustion 


oxident 
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of combustion Al 25 + 
9}) of this material on the assumption that there was 
no reaction between the antioxident and the poly mer 
or all Table 

Al’. and also the corresponding values for 
25° () and All 25° C) used in the 
of heat of polymerization 


8305.7 kj mole 


values of 
All 


calculations 
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6. Calculation of Heat of Polymerization 


In the case of a polymer such as polystyrene, which 
consists entirely of styrene units joined together, the 
heat of polymerization is easily calculated as the 
difference between heats of combustion per monomer 
unit of monomer and polymer. A similar calculation 
could also be made of the heat of copolymerization of 
two monomers, provided the copolymer contained 
practically nothing except the two kinds of monomer 
units The polymers and copolymers investigated 
in the present work, however, were prepared by using 
dodecyl mercaptan as a modifier, so that the caleula- 
tion of heat of polymerization could not be made by 
the simple method indicated above 

The calculations made here the 
chain-transfer theory of polymerization, from which 
it can be assumed that each polymer molecule con- 
tains one dodecyl mercaptan molecule chemically 
combined with it [10, 11]. In other words, it is 
assumed that the formula for a polymer molecule can 
be written C,H.S (C,H C.H,),H, where m and 
n represent the number of butadiene and stvrene 
units, respectively, in the molecule The values of 
m and n can be calculated from the elemental analy sis 


are based on 


Although this assumptior 
lata [10 t is made here tr 

the caleulation of heats of 
be obtained if it were 


s plausible, and supported by experimental 
nerely 88 a matter of convenien n order to simplify 
polymerization Substantially the same result would 
ssumed that some of the polymer molecules had mer 
tain units at both ends and that the others had hydrogen atoms at both ends 





Ihe calculations were actually made on the a nption that a butadiene unit 
“ atteched to the metcaptan unit in each molec Phe results would not be 
changed appreciably by assuming that a styre t was attached to the mer 
enptar 





Then the heat of formation of 


of the sample 
molecule can be obtained by combining the ey 
mental value for its heat of combustion, acco 


with values for the heats of formati 
gaseous carbon dioxide, gaseous sulfur dioxide 
liquid water The heat, A//7°, of the reactior 


C,.H,,SCH,CH = CHCH, (liq m—1)CH, 
CHCH =CH, (liq n CH,=CHC,H, (lig 
C oHeS(CyHe) n(CsHs), H (solid polymer 


to eq | 


can then be calculated from the heats of formati 

the solid poly mer and of the reactants The he 

copolymerization is taken as (A// All m 
Accurate values for the heats of formation of 


butadiene [13, 17] and styrene [18] are avail: 
and are given in table 6. No data on the hea 
formation of C,.H.,SCH.CH=CHCH, have | 


found in the literature. Fortunately, only an 

proximate value is required for the present purposs 
and such an approximate value was calculated from 
other data given in table 6, together with the 
indicated estimated values for the heats of th: 


following reactions at 25° C 


S(rhombic) 


nC, H SH (lig » AH 


nC gH, (liq 
5.6 keal 
nC gH SH (lig 

nC .H,,SC,H, (liq) ;AH 


2.4keal (4 
nC oH, SCH, (liq 
nC,.H,,SCH,CH =CHCH, (lig 
H.(g) ;AH 


28.1 keal 
The value of A//° for reaction (3 taken as 
equal to the difference between the heats of formatio 
of n-pentane and n-pentanethiol; the value fo 
reaction (4) was taken as the difference betwee! 
the heats of formation of liquid ethanethiol and 
liquid dimethylsulphide; the value for reaction (5 
was taken as the difference between the heat of 
formation of liquid n-butane and the mean of th 
heats of formation of cis- and trans-2-butene. Th 
values for the heats of formation of the two butenes 
were obtained from the corresponding values for the 
ideal gases [13], together with values of heats of 


vaporization at 25° C 


was 


to the real gases at saturatio! 
pressure [22], that is, the difference in heat content 
between the real and ideal was neglected 
The value for the heat of formation of liquid 
C,.H,,SCH,CH =CHCH, obtained in the mann 
indicated is —72.5 keal/mole. As suggested pre 
viously, and as is evident from the method of cal- 
culation, this value can only be regarded as 
approximate 
Values of heats of polymerization and copol 

merization calculated as described above are give! 
in table 7, and are shown plotted against styren 
content in figure 1, where the value — AH, = 16.68 
keal per monomer unit for styrene [12] is also shown 


gases 
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housandths of | percent of stvrene 


fing heat o polynie ilion 


7. Discussion 


pparent from figure | that the value 20.4 
monomer unit for AH for the 5° C 
X-454 is entirely out of line with the values 
other polymers, which range from 16.9 to 
per monomer unit. No satisfactory ex- 


on of this high value has been found. but 


sonably good consistency of the data on the 


polymers suggests that the high value of 


for sample X-454 may be related to some 
ality in the composition of this sample 
bnormality in this sample is also indicated 
orrelation of the refractive indices of the 
wlymers with stvrene content [20] It has 
ind that the stvrene contents of the other 
wolvymers, as determined from analyses for 
hvdrogen, and sulfur, can be represented 
mpirical function of refractive index within 
However, 
ation gives a value for stvrene content for 
\-454 that is lower than the value calculated 
e analysis of the sample by approximately 
ent 
ated previously, a part of the sulfur in sample 
vas present as inorganic impurity, and it 


that the inorganic sulfur compound took 





+ 
= 
* 7 
. . ° 
e “ 
ms =" 
- AG 
Ky RE | Ihe j ition 
( o | 
part in some reaction in the bomb Since the 


nature of the sulfur compound is not known, no 
correction for the effect of such reactions could 
be made Calculated values of the correction on 
the basis of various assumptions as to what sulfur 
compounds may have been present and what re- 
actions may have taken place indicate that the 
error introduced by neglecting the thermal effect 
of the reaction, and by making corrections for nitric 
and sulfuric acids as deseribed prey ously probably 
does not exceed 0.02 or 0.03 percent of the heat of 
combustion. This is far too small to account for 
the abnormal result obtained with sample X—-454 

It will be seen from figure 1 that the values of 

Al], for samples other than XN—454 do not indi- 
cate any appreciable difference between the 5° C 
and the 50° C polymers. It will be seen also that 
the points for polymers other than X—-454 lie reason- 
ably near to the curves shown. The maximum devia 
tion from either eurve corresponds to about () OM 
percent in heat of combustion of the polymer. This 
Is probably as rood agreement as could bye exper ted 
considering the nature of the polymeric materials 
and the approximations made in calculating the 
heats of polymerization 

The curves shown in figure 1 were calculated 
from an equation of a form derived theoretically by 
Alfrey and Lewis [19], which expresses heat of co 
polymerization as a function of copolymer compo 
sition. A value for one of the two parameters in 
this equation was chosen empirically to fit the 
According lo Alfrey and Lewis 


experimental data 
was le Ss 


19] the other parameter, designated as 7 
than or equal to unity in all copolymer pairs studied 
by them. The two curves shown in figure 1 may 
therefore represent the limits between which the 
best theoretical curve would li It is seen from 
figure 1 that the data are at least not inconsistent 
with the theoretical curves. It may be noted also 
that the deviation of the curves from a straight 
line connecting the values for 0 and 100 percent of 
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styrene is in the direction predicted by Alfrey and 
It should be pointed out. however. that the 


Lewis 


polymers investigated here were prepared undet 
conditions such that conversion ranged from 60 to 
75 percent, whereas Alfrey and Lewis |19] state that 
their analysis applies only for low-conversion poly 
merization, without appreciable drift in monomer 
ratio 

It seems unlikely from the information available 
on the polymers investigated and from the results 
of infrared studies on similar polymers by Hart and 
Meyer [8] that any appreciable differences in heat 
of polymerization would arise from differences in the 
tf struc 


relative amounts of 1,2 and cis- and trans-1 


tures in various polymer samples 


The authors are indebted to Max Tryon of the 
Rubber Section of the Bureau for purifying the 
various polymer samples; to Rolf A. Paulson of the 
Analytical Chemistry Section for the chemical 
analyses reported in table 1; to W. N. Hubbard and 
Guy Waddington, U.S. Bureau of Mines Experiment 
Station, Bartlesville, Okla., for 
their preliminary value for the heat of formation of 
n-pentanethiol 


permission to use 
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nfrared Spectra of Methanol, Ethanol, and n-Propanol 


Earle K. 


The infrared absorption spectra of methanol, ethanol, and n-propanol have bee 


ired with prism instruments Studies have 


solutions The methanol spectra, between 2 


been made of 
to 15 microns, 


Plyler 


n meas- 
the vapors and of several dilute 
provided a direct comparison 


with the other two alcohols and confirmed earlier work on the existence of a number of low 


intensity bands Phe 
have been classified in relation to the O— H, ¢ 
molecules rhe long-wave absorption, in the 


hindered rotation of OH 
firm the assignments for methanol and to study 


is attributed to the 


] 


“al d n propal 0 


1. Introduction 


nfrared absorption spectrum of methanol in 
or state was measured by Borden and Barker 


tha grating spectrometer. The stronger bands 


esolved so that the rotational structure was 
' nt. Their observations showed which bands 
, of the perpendicular and which were of the 
| type. Noether [2], using a prism instru- 


also measured the spectrum of methanol and 
ed several weak bands in addition to those 
d by Borden and Barker. Some of these weak 
by have been classified as fundamentals and com- 
7) tions 13] The object of the present study was to 
m the assignments for methanol and to study 
issign the vibrational spectra of ethanol and 
yppanol. These alcohols have not been measured 
ously over an extended infrared region, and thei 
a have not been classified 
the present work. the spectra of ethanol and 
mpanol have been measured from 2 to 40 yg in 
state and from 2 to 15 u in solutions of 
7 und CS,. Because of the similarity in struc 
these alcohols, the positions of many absorp 
tion bands appear in the same regions. No attempt 
was made to repeat the long wavelength region in 
methanol, as it would not be possible to improve on 
the grating measurements of Borden and Barker 
prism spectrograph However, the 2- to 
region Was measured as this had not 
been recorded on a double-beam instrument 


} . 
{ Vapor 


with 
“ ia 


region 


2. Experimental Procedure 


lhe methanol, ethanol, and n-propanol were puri- 

fied under the direction of F. D. Rossini. They 

\ found to be of high purity, which is essential 

der to attribute weak bands to the spectra of 
cohols 

lhe absorption spectra of the vapors were deter- 

| with Perkin-Elmer infrared spectrometers, 


ls 12A and 12C, using interchangeable prisms 
hium fluoride, sodium chloride, potassium bro- 
and thallium bromide-iodide. This allowed 
irements to be made from 2 to approximately 
The properties and use of prisms of thallium 


n brackets indicate the literature referet s at the end of this paper 


two other alcohols were studied from 2 to 36 microns 


The bands 

H, ¢ QO, and ¢ ( vibrations within the 
region bevond 30 microns, for each alcohol, 
The object of the present study was to con 
and assign the vibrational spectra of ethanol 


bromide iodide have been described elsewhere [4]. 
The standard Perkin-Elmer thermocouple was used 
as a detector with all but the thallium bromide-iodide 
prism. Here a Golay detector was substituted for 
the thermocouple The spectrometers were equipped 
with a slit-control device [5], and except for the Go 
lay cell, the experimental arrangements were the 
same as those described in a previous paper [5]. Gas 
cells of different thicknesses with 
were used. The experimental arrangement did not 
allow the partial pressures of the vapor to be deter- 
mined as all the cells could not be evacuated 

The absorption spectra of the liquids, diluted with 
carbon tetrachloride and carbon disulfide, were meas 
ured on a Baird recording infrared spectrometer 
with a sodium chloride prism. Solutions of different 
concentrations as well as cells of various thicknesses 
were used. To obtain a higher resolution from 2.6 
to 3.6 uw, Measurements in this region were repeated 
with a lithium-fluoride prism in the Perkin-Elmer 
spectrometer 


various pressures 


3. Results and Discussion 


The experimental results are given in six figures 
and two Figure 1 presents the vapor ab- 
sorption spectra between 2 and 15 uw of methanol, 
ethanol, and n-propanol. In the regions of strong 
water vapor absorption, bands in the alcohols could 
not be measured with reasonable accuracy; hence, 
dotted lines are used to denote the uncertainty of 
the absorption in these regions 

As shown in figure 1, methanol has a broad region 
of absorption centering near 7.43 y«. This region 
was restudied with the Perkin-Elmer model 21 spec- 
trometer to take advantage of the higher resolution 
made possible by the improved amplifier and to elimi- 
nate the effect of the water vapor bands. ‘The re- 
sults are shown in figure 2 

Figure 3 shows the long wavelength spectra of 
ethanol and n-propanol in the vapor state. Ethanol 
was examined in the region from 16 to 20 uw, using an 
absorption cell 1 m thick, but as there was no apppre- 
ciable absorption the curve is not shown. In the 
region from 20 to 38 yw lithium-fluoride, caleium- 
fluoride, and sodium-fluoride reflectors were substi- 
tuted successively for the usual aluminized mirror 
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wave 


sor 


WAVELENGTH 


, 4 


a0 


wAvELENGTH ™ «=6MmICRONS 


ption 


the 


spectrun 


pa po state 


sure at roor 


f He 


Although this resulted in some loss i 
flected energy, the 
considerably 

Table 1 lists the maxima observed in methanol, 
ethanol, and n-propanol, incorporating some of the 
results of the higher resolution the 6- to 
10-u region of methanol in mi- 
crons, the wave number in em™', and the observed 
intensity are given for each band. The intensity 
estimates are divided into five categories, extending 
from very weak to very strong 
considerable overlapping, it 


n the total re- 


strav radiation was reduced 


work in 


The wavelength 


In the regions of 


was not easy to de- 


o15 » of 


NUMBERS 


~ = MICRONS 


methanol, ethanol, and propano n the vapor state 


r . t} 


’ 
= microns 


o 2 6 xo 
wavevenet™ 


Fiacure 3 Infrared absor plion spectra om 


the 


15 


ethanol and n-propanol state 


n pa por 


he pressures are saturated vapor pressures for the curves of greates 


termine the band centers 
7.43-u region of methanol, which is more comp! 
cated and whose individual maxima may even 
of a rotational nature, all the maxima of absorptiot 
are listed. As a result, some of the maxima 

table 1 may be parts of bands, such a P, @, or 2 
branches, as well as separate bands. This doubt 
as to the nature of the maxima in table 1 includes 


With the exception of ¢ 





ed bands of 


in the region of 3.3 u for all three alcohols and 
)-u region for n-propanol 
Figures | and 3 show that there are regions in 
ch the vapor-phase spectra of all three mole- 
es are similar. In methanol, the of 
nse absorption occur near 2.7, 3.4, 7.5, and 9.6 u 
hese are produced according to Herzberg [3] by 
O—H and C—H stretching, C—H and O—H 
and C—O stretching vibrations, respec- 
lv. These recur in the heavier alcohols with 
shift. In particular, the OH band at 2.7 yu 
the band due to the C —H stretching vibrations 
+ uw appear at almost the same position on all 
eurves 


regions 


nadine 


he region around 3 uw has been studied under the 
er resolution provided by a LiF prism. The 
sults are shown in figures 4 and 5. The methanol 
figure 4, shows the svmmetric vibration of 

CH, group at 2,847 em™ (3.5 w), the P, @, and R 
nehes being well resolved The other bands in 
region of 3.3 and 3.4 uw are considerably over- 
ved, and it is difficult to determine their centers 
the ethanol and n-propanol curves, figure 5, it 
ore difficult to untangle the C —H _ vibrations 
3.4-u region because there are stretching 
itions that occur in the CH, and CH, groups 


the 


methanol, 


ethanol, 


and n 


= 
J 


-< 
1 


\ 
\ 
M 
\ 
\ 


the 2 band resolved into P and R 
branches 

The 2.7-4 OH bands in ethanol and n-propanol 
were also measured. However, the resolution of the 
prism instrument was insufficient to separate clearly 
the P and R branches of the band. This problem 
will be pursued further with a grating spectrometer 

When the spectra of the three alcohols are studied 
in solutions of CCl, and Cs:, there are considerable 
changes in absorption, particularly in the two regions 
due the OH band Figure 6 some 
results from 2 to 15 4. At the concentration of 1:20 
the O—H stretching vibration is shifted to 2.9 4a, 
a position characteristic of associated (“hydrogen- 
bonded”’?) OH. At a concentration of 1:4 in CCl, 
the unassociated OH band, which in the vapor occurs 
at 2.71 yw, is barely observable near 2.74 yu. 

At lower concentrations, the band 
clearly resolved. Measurements with a LiF prism 
are shown in figure 7. The alcohols were diluted 
with carbon tetrachloride to concentrations 1:40 and 
1:400 by volume, and cell thicknesses of 0.5 and 5.0 
mm, respectively, were used. Thus the resultant 
absorption in each cell was due to practically the 
same relative number of alcohol molecules, and the 
effect of the concentration upon the position and 


shows 7-u OH 


to shows 


Is 


2. 74-4 


give rise to five fundamentals for ethanol and | intensity of the hydroxyl band could be examined 


fundamentals for n-propanol. Figure 4 also 


under comparable conditions. When the dilution 
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was one part in forty, the OH band in the 2.74-s dilution heir work also supports the idea 
region was present as well as the associated band | some of the heavier alcohols have OH ban 
at 2.97 uw. However, when the concentration was | 2.76 and 2.86 p } 
reduced to one part in 400, the 2.97-u4 band dis- In the region of the associated OH band (2 
appeared, and the OH absorption at 2.74 4 there is a weak band in the vapor phase spe 
increased in intensity No significant changes were | of methanol (figs. 1, 4) When this region : 
observed in the bands in the region of 3.4 u. The | remeasured using a 5-cm cell with a 9.5-em 
degree of association for different concentrations | pressure of methanol, the cell having been { ; 
appears to vary somewhat with the particular under vacuum, the 2 Y-u band disappeared 
alcohol. However, this effect has not been studied | possible explanation for the presence of this b 
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ti Infrared absorption spectra in the 3-u region 


r 
methanol, ethanol, and n-propanol diluted in carbon 


(le 


prism wns used 


mixture of water and alcohol was deposited on the 
vindows of the cell, and the band is due to this 
thin film 
In the bands that are attributed to the C—H 
ibrations there are only small changes in the posi- 
tions of the bands when the spectra of the vapors 
compared with those of the solutions. However, 
the region of O—H _ bendings from 6.5 to 8.5 4 
is considerable difference. In the vapor state 
highly dilute solution of methanol there is appre- 
ble absorption in the 7.43- region that has been 
igned to the O—H_ bending frequency. The 


spectrum of a fairly concentrated solution shows 
no absorption in this region, but an intense band 
appears at 6.9 w with a less intense band at 7.15 x. 
This difference could be produced by the effect 
of the association of the O—H groups on the bending 
vibration of O—H. In solution and in the pure 
liquid all three alcohols have considerable absorption 
from 12.5 to l5 uw None of the vapors show measur- 
able bands in this region. 

The observations of the vapor-solution shifts of 
the 7.4-4 band confirm in general the assignments 
in CH,OH given by Herzberg [3] and listed in table 2. 
A further general confirmation results from a reason- 
able explanation of the many weak maxima between 
6 to 10 yu The twisting of the OH with respect to 
CHs, (»s’’), gives rise, in the fundamental, to a 
broad absorption centered around 40 y. The 
first overtone of this band shows a large number of 
rotational lines in the region from 11.6 to 26.3 yu that 
have been measured by Borden and Barker [1] 
They suggest that the torsional oscillations have 
become a rotation resulting in the spreading out of 
the band. Combinations of the O—H twisting with 
the C—O stretching (»,) and the CH, rocking 
vibrations (v7) might well give rise to the complicated 
structure between 6.6 and 9.2 ug For example if 
the potential energy that hinders rotation is suffi- 
ciently small, the interaction with these other modes 
might further reduce it and the result would be 
nearly free rotation. This would account for the 
maxima in the 6.6 to 9.2-u4 region. For a more 
definite assignment, high-resolution studies and a 
detailed calculation of the oscillatory potential and 
its interaction with the hindered rotation is required. 

Some of the fundamentals in ethanol and propanol 
may now be assigned by comparison with and exten- 
sion of the methanol assignments. These are also 
given in table 2. The ethanol spectrum should 
have nine more fundamentals than methanol. Of 
these five are of interest here Three refer to 
internal vibrations of the CH, group. The C—C—O 
skeletal vibrations will give rise to three bands that 
consist of one bending and two stretching vibrations. 
The band at 23.4 uw is assigned to this bending vibra- 
tion, and the two bands observed at 9.4 and 11.4 ug 
are related to the C—O and C—C stretching vibra- 
tions. The O—H _ twisting vibration that also 
exists in methanol occurs in the region of 40 yu, but 
as its band falls at the limit of transmission of the 
thallium bromide-iodide prism, its position could not 
be accurately determined. The two small bands at 
26.4 and 28.2 uw may be part of the first harmonic of 
the longer wavelength band, but only a few small 
structures that may be a part of this rotation were 
obserbed in the ethanol spectrum. The spectrum 
from 12 to 26 uw is considerably different from that 
observed for methanol, which has many rotational 
lines in this region. 

In the 8-u region, the ethanol bands are somewhat 
better defined than those for methanol. There are 
three fairly intense bands at 6.87, 7.19 and 8.05 ug. 
These are assigned respectively to the asymmetric 
C—H bending in CH, and CHs, to the O—H bending, 
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hydrogens symmetri- 
The same bands appear 


and to the bending of the CH 
cally about the C 
with very little shift in n-propanol 














and S.21l-u bands showing considerable ine 


intensity This is confirmation of their assigr 
to the CH, group since there is one additional! 
group in the heavier molecule In both of 


higher alcohols there is indubitably some overla; 
of the many fundamentals in this region and 
fore some uncertainty, but the principal fea 
appear to be as assigned 

The remaining strong absorptions in n-pro} 
must be due to the skeletal vibrations. I; 
C—C—C—O stretching region there are 
strong bands between 9 to 10.5 uw, one of which 
u) coincides closely with ethanol and is assign 
C—QO The skeletal bending vibration is obs 
at 21.6 u. The long-wave absorption, as in et! 
is assigned to OH torsion 


The author thanks Shea L. Kruegel and Ma 
Lamb for their assistance in this work 
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Pigmentation in Bristle and Horsehair 


Sanford B. Newman 


Bristles for use in brushes are normally imported in large quantities for domestic cor 


sumption Horsehair is also commonly used in brushes, often blended with bristle in paint 
brushes To determine compliance with material specifications and to enforce labeling 
laws it is necessary to be able to distinguish between the two fibers The need of a reliable 


method for identifying the two fibers became more critical after the start of hostilities in 
Korea, which increased the difficulty of obtaining bristle from Chinese sources 
rhe use of pigment distribution in bristle and horsehair has been recommended for 


their differentiation 


However, the use of this characteristic has been challenged on the 


grounds of technical difficulty in the preparation of mic roscopic specimens and the possibility 
of variations in pigmentation at differemt levels in the fiber, in animals from different geo 
graphical locations, and in different types of hairs from the same animal 

As little previous attention has been given these points, a series of observations Was 
made that show clearly that pigment distribution in fiber cross sections permits the detection 


of horsehair in bristle and bristle products 


The test is, of course, applicable only to fibers 


that contain sufficient natural pigment to establish a distribution pattern. . In addition, 
the medullation in the two fibers is sufficiently distinctive to constitute another aid in 


identification 


l. Introduction 


The term “bristle’’ as used in the brush industry 
fers to the hair of swine exclusively [1].' Refer- 
nees to the use of bristles in brushes can be found 
the literature as early as the fifteenth century [2], 
nd even today synthetics like nylon and neoceta 
ive only begun to be substituted for bristle in paint 
ind varnish brushes. Despite the large amounts 
of bristle consumed annually in this country, the 
vreater part is still received from foreign sources, 
ver 7,000,000 Ibs. having been imported im 1950 [3]. 
Swine cannot be maintained profitably in the United 
States for the length of time necessary to develop 
ong flexible bristles. A plentiful supply of cheap 
abor would also be required for the initial cleaning, 
sorting, and packaging if the domestic product were 
to compete with foreign bristle 

Because of this reliance on foreign supplies, the 

bristle trade has been subject to the exigencies of 
twentieth-century history. Before 1918 the Siberian 
ind Russian bristles dominated the trade, but sub- 
sequently the Chinese product gained preference, 
specially in the premium types. The change was 
lue, at least partially, to deterioration in the quality 
of preparation and dressing of the fiber for market. 
When the United Nations police action was instituted 
n Korea in 1950, Chinese bristle was abundant at 

asonable prices, but soon after supplies dwindled 
and prices rose 

The failing supply of bristle was soon reflected in 
he number of adulterated brushes submitted for 
st to the Bureau. Brushes containing mixtures 

bristle and horsehair, properly marked as to 
ber content, are standard items usually available 

lower prices than comparable brushes of pure 
ristle. More and more often it was found that 
ishes labeled pure bristle contained considerable 
juantities of horsehair. That this was a phenome- 
yn of widespread occurrence was evidenced by the 


i ires in brackets indicate the literature references at the end of this paper 


number of queries on testing procedure that reached 
the Bureau from other Government agencies, from 
private testing laboratories, local purchasing organi- 
zations, and from individuals. 

At the National Bureau of Standards, pigmenta- 
tion pattern in the cross section of fibers is the chief 
criterion used in differentiating bristle from horse 
hair. This test is based on the original observations 
attributed to E. Weirick by Von Bergen and Krauss 
[4] According to Krauss [5], Weirick observed the 
pigment distribution in fibers treated with a 10-per- 
cent sodium hydroxide solution. However, a number 
of questions were raised concerning the validity of the 
test by people in the brush and bristle trade and 
their consulting technical experts. These questions 
involved sectioning techniques and the possibility 
of variations in pigmentation at different levels in 
the fiber, in animals from different geographical 
locations, and in different types of hair from the 
same animal. For this reason the Bureau undertook 
to study these questions to determine the validity 
of the test method. 


2. Materials and Methods 


An attempt was made to secure sumples of bristle 
and horsehair from as many representative sources 
as possible. Commercial bristle and horsehair were 
obtained from brush manufacturers and _ bristle 
suppliers. Other specimens from the files of the 
microbiological laboratory of the Bureau, mainly 
obtained from the larger manufacturers of brushes, 
were included in the study. In addition, a small 
amount of fiber was secured from animals in the 
surrounding area. Through the courtesy of the 
National Museum's Division of Mammals bristle 
and hair from hides of specimens of the families 
Suidae, Tayassuidae, and Equidae were made avail- 
able. Tables 1, 2, and 3, list the horsehair, bristle, 
and miscellaneous hair samples used in this work. 

The Hardy microtome (fig. 1), a device used 
routinely in textile microscopy, was the means for 


287 





~e Oe ek eee ke ee 


eee © oe emer ef © 








I t l } ' ! ’ 
ki ( r \ 
| k Hank ( f | 
‘ ( r 
} ) 
| ( 
I , 
I > 
M 
{ er {4 
( er } 
( r \ 
| ( r ) 
Br 
( r ‘ 
| ( r D 
I ~ 
t \ ' 
Pon) 
I S ' 
HON 
t S Na Ml 
y? 
j ! I 
s “I 
Ads 
Tarte 2 Hlorseha equus caballus) eramined ir oss section 
H Con 
H D 
n NBS 
Regu i 6 I) 
B k 1) 
Superior ¢ : T t k I> 
\ rit? 1) 
K \ Comn 
Hor 2-vr \ | 
M 
iH ! NBs 
Paste 3 Viscellaneous hair eramined ir oss section 
unig S 
j hoerua wm é ' ¢ Smitheor 9 I titut 
Suid u U. 8. National Museun 
4027 
j Smithsonia I 
! lids U. 8. Na Museu i 
1 
} } Smithsoniar I l t 
U. 8. Nat Mu ! 
i" ts 
r h t ~ ‘ I 
U.S. Nat il M ‘ ' 
sus 
I I Ss t ! I t 
U.S. Na il Mu I I 
ATS 


sectioning all the samples, which contained 300 or 
more fibers. Because of the toughness of both 
bristle and horsehair it was necessary to soften the 
samples before they were cut Although several 
organic plasticizers were tried, both hot and cold, 
none of them was as effective as a 10- or 15-min 
immersion in boiling water. After boiling the fibers 
they were placed in a microtome and sectioned in 
the usual fashion. The screw was advanced a 25 yu 
increment for each section, but because the cut is 
made by hand the actual section thickness would be 
expected to vary to some extent from this figure. 
Sections were mounted on slides in Canada balsam. 

Single bristles or hairs were oriented in gelatin 


capsules, as shown in figure 2. The top and bot 
of a No. 00 capsule was perforated with a hot n 
and the fiber to be sectioned threaded through 
two holes. A plug of gelatin or sodium carbox 
ethylcellulose was formed around the fiber why 
passed through the bottom of the capsule in o 
to prevent leakage of the embedding material] 
possible, the fiber was of such length that the 
could be withdrawn from the body of the 
without unthreading the fiber from the cap 

The body of the capsule was filled with a mixt 
8 parts of n-butyl methacrylat 
2 parts of methyl methacrylate) plus 0.5 percen 
a catalyst, 2,4-dichlorobenzoyl peroxide. Poly: 
izayon was accomplished in an air-circulating o 
held at 50° C 

When polymerization was complete the gel; 
containers were removed by soaking them in w: 
water. Mounting of the embedded fiber i 
microtome was essentially by the method rec 
mended for the ultramicrotomy of fibers [6], as sho 
in figure o Sections were cut at 10 or 15 umn 
Spencer microtome. The methacrylate matrix was 
removed with toluol and the mounted 
Canada balsam 


cap 


of monomers 


sections 


3. Observations 


Typical cross sections of hog bristles (Sus ser 
from various sources are shown in figure 4. Bristle 
pigment appears concentrated or more dense in { 


center of the cross section and becomes more dilut 
as the periphery is approached. Certain fibers 
any sample of bristle exhibit cross sections with mor: 
or less jagged fractures, usually through the center 
of the section It is a common observation that 
many bristles have hollow centers, and these hollows 
or fragmentation medulla probably account for most 
of the gaps noted in the cross sections Occasionally 
these openings will practically divide the sections 
into two halves, and 
that the sectioning procedure is responsible for, at 
least, enlarging these fragmentation medullas. | 
general, the bristle medulla is totally devoid of 
fibrous material but, more rarely, fragments of the 
surrounding cortical cells can be found in the open- 
ing. Where fragmentation medullas are present, the 
pigment will appear more concentrated around the 
edges of the void and will diminish toward the 
peripheral cuticle 

Central concentration of pigment was found in all 
bristles, regardless of their geographical origin 
Rarely, a radiate variation of the pigmentation 
pattern can be found. In this, the pigment is limited 
to bands that in general are thick at the center and 
narrow toward the border of the section, as shown 
in figure 5 

The genus Sus consists of numerous closely allied 
and slightly differentiated forms. Transportation 
by man has further confused the taxonomy. How- 
ever, it appears that there are at least three groups 
of wild hogs of more than subspecific rank {7 
Several dozen bristles, representing all these groups, 
as well as widely separated geographic races of one 


in these cases it is suspected 


288 














e 


Na 





them. were taken from hides in the Smithsonian 
titution and were sectioned and examined (see 

1). The pigmentation pattern was found to 

the same in all specimens, as noted in commercial 

stle from domestic hogs 

Hylochoerus meinertzhageni (African Forest hog) a 

mber of the Suidae, or Pig family, exhibits the 

mal bristle pigmentation pattern (fig. 6). Cross 
tions of the hair of the peccary (Pecari angulatus 
ger) were examined and found to have a much 
ferent and distinctive pattern (fig. 7). The 
edulla is much more diffuse, and the medullary 

ll outlines are easily distinguished. Pecari a. 

ger is included in the Tayassuidae, a family 
osely related to the Suidae 

Pigmentation at various levels in a bristle appeared 
o be subject to some variation in density, but the 
asic pattern did not change. Sections through the 
art of the bristle enclosed in the root sheath (fig Ss 
showed the same pattern found at other levels in the 
iber When were taken through the 
branching flagged portions of the bristles the pig- 
mentation pattern was more difficult to detect. 
Cross sections of flags appeared as fragments or 
segments of the entire bristle section. The opacity 
of sections through the flagged area is often com- 
paratively high. 

Hog wool is the curly, rather fine fiber usually found 
growing on the belly area of the hide. Hog hair is 
the name applied to the poorly defined fiber that is 
intermediate between bristle and wool. Wool is 
rarely found in brushes, being a waste product 
destined mainly for upholstery use, but hair is 
largely blended with tbe brush bristle. When exam- 
ned in cross section, however, both wool and hair 
were found to have the pigmentation found in bristle, 
as shown in figures 9 and 10 

Mane hair and tail hair of the domestic horse 
Equus caballus) are widely used in many brushes. 
lhe body hair is generally too short for this type of 
application. Tail hair is thicker in cross section than 
mane hair, and the Federal Specification [8] arbi- 
trarily defines any sample having an average diameter 
of not less than 0.0055 in. as tail hair. In cross sec- 
tions, however, both tail and mane hair revealed the 
same pigmentation pattern. It differed from bristle 
n possesing a cellular medulla, with little or no pig- 
ment, which occupied the center portion of the hair 
cross section. The pigment granules were in a ring 
around this colorless area. The medulla was only 
roughly circular; fingerlike diffuse projections of pig- 
mented ceils into the colorless areas were common, 
ind colorless projections into pigmented areas were 
often seen. Typical cross sections through samples 
of horsehair are shown in figure 11. 

\s in bristle, the sections of horsehair revealed 
minor variations in density and distribution of pig- 
ment granules at different levels, but the basic pat- 
tern was constant. In figures 12, 13, and 14 are 
views of sections cut from different locations on the 
same hair. 


sections 


Other members of the horse genus appeared to 
ave essentially the same pigment distribution. Hairs 


from Grevy’s zebra (Equus grevyi), the Asiatic wild 
horse (£. przewalskii), and Asiatic wild ass (£. 
hemionus) all show peripheral concentration of pig- 
ment granules in cross section (figs. 15, 16, 17 

Pigment was not seen in sections of the cuticle, or 
scale, structure in either bristle or horse hair. The 
cuticle of bristle appeared much thicker than that of 
horsehair and formed a refractive ring around the 
entire section. The pigmentation did not come 
quite to the outer edge of the cortex in all fibers, and 
in cross section such fibers had the superficial 
appearance of possessing an extremely thick cuticle. 
However, the true cuticle could be easily distin- 
guished by the difference in its index of refraction. 

The dyeing of light-colored, or unpigmented, 
bristle and horsehair is a common practice in the 
manufacture of brushes. The presence of dye in the 
fibers could be easily detected In cross section and 
presented no obstacle to the determination of pig- 
mentation pattern. Natural pigment was always 
present in the form of discrete melanin granules. 
Dye, on the other hand, could always be seen in 
cross section as a band of amorphous color of varying 
width. In many cases the band appeared to be 
localized and discrete, forming a ring concentric with 
the section outline. In other cases, however, there 
would be almost complete penetration of dye 
throughout the section. Sections of dyed horsehair 
are shown in figure 18. 

The artificial flagging of horsehair appears to be a 
fairly common practice in the brush industry. 
Flagged horsehair is sometimes found in brushes 
labeled bristle and, more often, in brushes containing 
mixtures of horsehair and bristle. Synthetic flags, 
as would be expected, were found on fibers with little 
or no taper. All the branches of the flag at the tip of 
the hair appear to spring from practically one point 
on the length of the fiber and many branches, often 
a dozen or more, were found in a flag. At the point 
where the fiber is broken up into these branches the 
Natural flags 

divided at 
Examples of 


hair appears to increase in diameter 
contained fewer branches, and these 
different levels from the main trunk. 
these flags are shown in figure 19. 

The outline of the cross sections of both bristle 
and horsehair ranged from roughly circular to 
elliptical and included many irregular shapes. 


4. Discussion 


Microscopic examination of fiber is apparently 
rarely resorted to in the brush and bristle trade. 
Great reliance is placed on the so-called “eye and 
feel test’, which some use not only to identify bristle 
but also to determine its geographic origin. Other 
individuals using this test are more moderate in their 
claims. Visual examination and manipulation of the 
fibers is the basis of this test method. 

Several men with 20 or more years of experience 
in the brush and bristle trade consented to apply the 
eye and feel test to a brush shown to be adulterated 
by cross-sectional examination (fig. 20). Many of 
the samples extracted from the brush, which were 
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Klentified by the experts as representing fibers from 


extremely small, 


il pearly veoura phi soures were 
but in almost all cases sectioning revealed the horse 
hin pigmentation pattern ino some of the fibers 


chosen In one cn two fibers wer selected to rep 
resent Trentsin bristle, and one of the fibers showed 
the horselmu pattern It is diffieult to defin thre 
eriterma used un ich a nonmicroscopic test Flex 
rmitv ane irtace uppenrance are often mentioned 
iD | interesting to note that most error nm plug 
ment are made on the finer and untapered fibers that 
a n the problem group Evidently taper, fiber 
cigmeter, and probably flageving must bye lements in 


{ pre on of th test 


| 
hy, microscope observations previou ly ale scribed 


indicate that the centric pigmentation pattern is 
characteristic of bristle. whereas the concentris pat 
tern characteristic of horsehau Centric pigmen 
tation appears not to be restricted to the domesti 


crofa but is probably common to all of the 
Sicilia Similarly, the concentric pattern of pigmen 
tation was found in the hair of all members of the 
venus fquu that were studied In view of this 


taxonomic distribution, it is hardly conceivable that 


“ri ograpliv origin would affect the pattern 
Von Bergen and found that all 


Krauss [4] bristh 


fibers have a medullarv channel Although medul 
lated fibers were not uncommon in the samples 
examined, they were not as numerous as the non 
medullated, and most of the medullas were of the 


fragmentation type In unpigmented, or colorless, 
bristle, however, medullation appears more common 

The sectioning of bristle and horsehair presents no 
erent problems in tec hnique In sectioning with the 
Hardy +H fresh single edge ruzot blade is 
used for cutting each section Drving out of the wet 
fibers causes a gradual return to their normal tough 
that 


expediently as possible 


nicrotome 


should bye 
With 


microtome, 6 to [2 


ness “a sectioning 


performed as 
methaervli embed 
ding and the fibers can 
be cut at 10 u 

Bristle and horsehair are too opaque to permit mi 
Weirick’'s 
method of treating fibers with a 10-percent solution 
to detect the pig- 


fiber cdiametet 


Spencel 
ol less if desired 
croscopic examination without sectioning 
ol sxdium hvdronxide enabled het 

pattern the 
leads to the degrada 


mentation through 


Treatment with alkali, however 
tion of the fiber and does not permit erith al obser Va 
tion of detail \loreover, it 
the presence ol absence of dve 

Hardy Hardy 9} have tabulated somy trade 
categories of commercial paint fibers, giving 
thei characteristics \ ty pi al bristle 
has a definite taper, being thicker at the butt, o1 
end and becoming gradually thinner toward the tip 
Neat the tip end the bristle becomes furcated often 
dividing form the flag 
Bristles that approximate this dese ription are easily 
horsehaur by their 


vives no information on 


and 
brush 
most notabl 


root, 


into several branches to 


distinguished from gross aspect 


Horsehair has no definite taper, though it may 
in diameter its length, and it ) 
flay The uverage diameter of bristle at the ba 
greater than the 

In all groups of bristles, selected at random, | 
little or no 


ovel has ho nat 


average diameter of horsehair 
there are fibers showing 
lack of both 


worn off while still on 


evel tape 


complet flag, o1 Flags may fa 


form, be the animal, o 


removed Ih processing It Is these bristles, 0 
making up a considerable part of the whole, wi 
present a problem in fiber identification. Thess 
be definitely identified by their pigment distribut 
(As picnometer measurements indicate that the « 
sity of both and bristle is approxima 
1.29 110] the amount of « 


fiber in a mixture can be obtained by merely i! 


horse hai 
quantitative data on 
vrating the cross-sectional areas in photomicrogra 
Cross-sectional examination ts, unfortunately 
applicable to white or very slightly pigmented fib 
Where only small amounts of pigment are presen 
is usually desirable to increase the section thick: 
The amoun 
howevet Is 
large that where 
plicable the microscopic examination of cross sectir 
differentiat 
the techniques 


to resolve the pigmentation pattern 
light bristle or hair used in brushes 
These observations indicate 
is an accurate and rapid means of 
bristle and horsehair No 
volved present no unusual difficulty, and the pigm« 
distribution is a characteristic at the family level at 


‘Ove! 


not subject to significant change because of a 
graph location type of hair. or location im the h: 
itself 


The author expresses his appreciation to Cha 
S. Cox of the Federal Trade Commission, John 
Hardy of the United States Department of Agri 
ture, and C. O Handley Jr. of the 
Institution for cooperation in the course of this wor 
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i FIGURE 5. Cross section of a Persian bh stle showing radiating 
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Ficure 13 Cross section of the same hair as in figure 


100 uM from the middle of the length 


tion of a horse tail ha Eq sus caballus 


near the root end 























Ficure 15. Cross section of a hair from Grevy'’s Zebra, Equus 
} 4 grevyi 
t 7 g 
100 M From U 8. National Museum specimen 163238 
14 Cross section of the same ha as in figure 12 but 


Fi RE 16 Cross section of a ha from the wild horse, Equus 


from the distal end 
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The System Beryllia-Alumina-Titania: Phase Relations 
and General Physical Properties of Three- 


Component Porcelains 


S. M. Lang, C. L. Fillmore, and L. H. Maxwell 


rhe data obtained in the investigation 
tlumina, beryllia-titania, and alumina 


of these systems need to be revised 


the phase equilibria in the systems bervllia- 


titania suggest that the published equilibrium diagrams 
the system BeO-TiQ, shows no compounds, an eutectic at 


about 85 weight percent of TiO, and 1,670 3° C, and an area of TiQ, solid-solution. The 
system BeQ-Al,O, has three eutectics | 1,800 10° © and about mole ratio 1BeO 
4AlL,0, (94.2% Al,O 2) at 1,850 10 and about mole ratio 2BeO:3ALO, (85.99 
ALO,); and (3) at 1,835 10° C and about 75 weight percent of Al,O,, and two congruently 


melting compounds, BeO.3AlL,O 
ALO,—80.3% AlOs) at 1,870 10° ¢ 
1.705 a” © 
mole ratio 5ALO,:4TiIO, (61.5% ALO 
beta) of aluminum titanate (Al,O,.TiO 
alpha-beta inversion temperature of 1,820 


92.4% AlLO 
The system AlLO,-TiO 
and about 20 weight percent of Al,Os; and 
and a high 
56.1% ALO the alpha form is stable from the 
10° C and melts congruently at 1,860 10° ©, 


and chrvsobery! Bed 
has two eutectics 1) at 
2) at 1,840 10° C and about 
and low-temperature form (alpha and 


at 1,910 10” ¢ 


and the beta form seems to be stable for periods up to 100 hours from room temperature to 


about 750° C and from about 1,300° C to its inversion temperature 
was found to contain 
16.1% 


system BeO-ALO,-TiO 


and about mole ratio 2BeQ:1Al,0,:2TiO 


The equilibria for the 


four invarient points: (1) at 1,572 §° ¢ 
BeO, 32.7% AlOs, 51.2% TiO 2) at 


1.577 5° C and about mole ratio 2BeO: LALO;:4TiO, (10.6% BeO, 21.6% Al,Os, 67.8% 
TiO 3) at 1,580 5° C and about mole ratio 1BeO:1ALO,: 1TiO 12.1% BeO 19.3% 
ALOs, 38.6% TiO and (4) probably at about 1,755 10° C and about mole ratio 


2BeO: 5AL0,:2TiO 
found in this system 


7.0% BeO 


The general physical properties of practicaily 
1,525° to 1,575° C, but with some of the high 
1,600° and 1,700° C 
room-temperature compressive strength, 187,000 to 
strength, 


were found to be: maturing range, usually 


alumina-containing bodies maturing bet ween 


3.7 g/cm’; shrinkage, 11 to 19 percent 
280,000 Ib/in 
modulus at room temperature 


F (982° C 10,500 to 17,000 Ib/in 
to 41,000,000 Ib/in 
sion of a few selected bodies, in the range 25 


O.S81 to O.S8Y percent 


1. Introduction 


The choice of the maximum gas or flame tempera- 
ture in a gas-turbine or jet-propulsion engine is 
always a compromise between the demands of the 
designer and the characteristics of the available 
materials. Ceramic oxide porcelains offer materials 
of improved strength at temperatures above 1,800° F, 
as compared to metallic alloys, but the inherently 
low relative resistance to thermal shock is a serious 
deterrent to their use. Consequently, the develop- 
ment of pure-oxide porcelains having both high 
strength and low thermal expansion should prove of 
considerable interest to design engineers 

Recently, attention has been devoted to the com- 
pound aluminum titanate (Al,O,.TiO,) because of its 
low linear thermal expansion (actually negative over 
a considerable temperature interval) in the range 
room temperature to about 1,000° C. This study 
was undertaken in the hope that the low expansivity 
of this material could be combined with the high 
thermal conductivity of beryllium oxide to obtain a 
refractory porcelain that would exhibit high resist- 


mr project wa ed by the OM Naval Resear minder Contract 


N ONR Project NR OG2-074 





79.8% AlOs, 


room-temperature transverse 
$2,000,000 to 47,000,000 Ib/in“ 
approximate Young’s modulus at 1,800° F, 


22.2% TiO No ternary compounds were 


impervious porcelains of this system 
; apparent density, 3.3 to 


13,700 to 25,000 Ib/in: Young’s 


transverse strength at 1,800 
22,000,000 


relative thermal-shock resistance, poor; and the linear thermal expan- 
to 950° ¢ 


*, usually was regular and ranged from 


ance to thermal shock, high strength at elevated 
temperatures, low density, and that would be 
corrosion and erosion resistant 

Although such properties would be particularly 
applicable to turbine blades for an aircraft engine 
is important to realize that the use of oxide porce- 
lains in future industrial units, such as a gas turbin 
for marine or land installation, may be of equal an 
possibly of greater importance. In addition, refra 
tory porcelains are of interest to the manufacturers 
of spark plugs for automotive and aircraft recipro 
cating engines, to the refractory industry in gen 
and to the metallurgical industry. 


2. Materials, Equipment, and Procedures 


The equipment and procedures used in this study 
have already been described {1 to 4] In additior 
a detailed discussion of the operation of the hi 
temperature thoria-resistor furnaces was publis! 
recently 15] 

Materials of the highest obtainable purity w 
used for compounding the specimens for the det 


? Figures in brackets indicate the literature references at the end of this 
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pres ee 





thermal shocking could not be determined. 


tion of the phase relations in the various sys- 


s: bervllia (BeO fluorescent grade of over 
-percent purity; alumina (ALO “alpha” pol- 


» powder of nominal 99.9-percent purity supplied 


the Linde Air Products Co.; and titania (TiO, 
troscopic grade of over 99 ¥-percent purity 
mercially available materials of high purity 


used in the preparation of test specimens for 
determination of physical properties: beryllia 
calcined material of nominal 99.7-percent purity ; 
iina—ground, washed, and sieved material of 
percent purity, supplied through the courtesy of 
Champion Spark Plug Co.; and titania—TAM 
tanox A-MO”’, calcined at 1,100°C. As prepared 
ise, the materials were, in all instances, sufficiently 
ly divided to pass the No. 325 U.S. Standard 
For the convenience of the reader, the test proce- 
given briefly Carbon tetra- 
oride was used for the absorption determinations, 
d the results were converted to equivalent water- 
sorption values. Matured bodies were considered 
» be those having less than 0.1 percent of equivalent 
ter absorption. Shrinkage values were calculated 
m micrometer measurements both before and 
fter heating. Apparent density values were ob- 
ned by calculations based on the volume as 
termined by a mercury volumeter and the dry 
ht of the specimen. The ends of the specimens 
the compressive-strength tests were ground paral- 
so that the height-to-diameter ratio of the samples 
vas approximately 2. The test pieces were placed 
graphite-oil lubricated, cold-rolled steel 
locks, and the compressive stress was applied at a 
ite of about 31,250 (lb/in.*)/min by a 75,000-Ib 
vdraulie press. Ten eycles of quenching from a 
irmmace at 1,700° F (931° C) to an air blast at room 
temperature constituted the thermal-shock | test. 
Values for the transverse moduli of rupture and of 
asticity were determined at room temperature, 
sing the loading system of a transverse-strength 
test furnace [4]. Because of the poor thermal-shock 
sistance of beryllia-alumina-titania porcelains, com- 
arable room-temperature transverse strengths after 
Young's 
odulus at room temperature was determined also 
a sonic method [6]. The moduli of rupture and 
f elasticity at 1,800° F (982° C) were determined by 
ading the specimens in the transverse-strength test 


es ¢ mploved are 


vetween 


furnace [4] at 2-minute intervals in calculated stress 


rements of 1,500 lb/in.2 When it was noted that 
deflection following loading continued after the 
st minute, it was assumed that permanent defor- 
ition, or “plastic flow,” had occurred. This 
formation could be verified when the test pieces 
examined for permanent curvature following 
ture. In order to investigate the relative mag- 
tude of the deformation, some of the test bars were 
jected to a short-time stress-strain test at 1,800 
Beginning at 6,000-lb/in.2 stress, stress incre- 
nts of 1,500 lb/in.? were added to the bars at 1-hour 
als, or until rupture occurred, during which 
the deflection was measured at regular intervals 


Interferometric and dilatometric methods were used 
for the linear thermal expansion measurements. 

The reported phase relations for the four systems 
investigated during this study were determined not 
only by interpreting the results obtained mainly 
from the melting-point and softening-range ob- 
servations, but also from petrographic and X-ray 
examinations. The details of the melting-point 
and softening-range method are given in the pub- 
lication devoted to the determination of the melting 
point of alumina [1] and in others [2, 3]. In ad- 
dition, the three low-melting invariant-point tem- 
peratures for the svstem BeOQ—AI,O,—TiO, were rede- 
termined, using a conventional type platinum-wound 
quenching furnace. The differences observed, using 
the two methods, are discussed in section 4.1. 

The assignment of mole ratios to the various 
binary and ternary invariant points is not intended 
to indicate a belief that such invariant points cor- 
respond to definite mole ratios; hence, when an 
invariant point is described, it is said to be located 
“at about mole ratio ”’ The experimental 
work was done on the mole-ratio basis because 
if there is an unknown compound present, its 
composition will nearly always correspond to a 
simple molecular ratio, and, if sufficient simple 
mole-ratio mixtures are heated, the chances of 
missing the compound are minimized, regardless 
of the type of investigational procedure employed 


3. Subordinate Binary Systems 


When this investigation was first undertaken, it 
was assumed that the equilibria of the three sub- 
ordinate binary systems had been determined ad- 
equately. However, when it became necessary, 
because of inconsistant data, to redetermine the 
critical mixtures in each of the systems, it was 
found that the results of the present study did not 
agree In many respects with those given in the 
literature 


3.1. The System Beryllia-Titania 


The equilibria in this system were described by 
Wartenburg, et al. [7] as including two congruently 
melting compounds, 3BeO. TiO, at about 1.800° C 
and BeO.TiO, at about 1,720° C. The results of 
the present investigation (fig. 1) indicate that the 
system contains no compounds, that a single eutectic 
exists at about 85 weight percent of TiO, and 1,670 

3° C, and that a narrow region of TiO, mixed 
crystals (an area of solid-solution) extends from 
just bevond the eutectic to pure titania. Early 
in the study, seven mixtures, ranging in composition 
from about 55 to 94 percent of TiO,, were specially 
heat-treated for X-ray diffraction examination 
Each of the mixtures was heated to about 10 to 15 
deg C above the melting point of the mixture as 
given by Wartenburg, cooled to the reported 
solidus temperatures, that temperature maintained 
for about 2 hours, and the mixture then cooled 
fairly rapidly (about 400 deg C/hr to about 1,000° C 
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i that no compounds were formed, and it was sugg 
that a solid-solution exists at higher temperatu 


3.2. The System Beryllia-Alumina 


r/845° / 
1 LIQUID / A considerable amount of work has been do 


; / BeO + LIQuiD the system beryllia-alumina. In 1932 Warte: 
‘Tio, $s" | and Reusch 9} described this as a simple eu 
\ eLIQUID / svstem In 1946 Geller, et al [2] crystallized 
‘ determined the congruent melting point of the 
“ut pound chry soberyl (BeO AlL,O They sugy: 
TIO s 1670° that the — re could = —_ 2 — 
$.s‘/ not 3 moles, of alumina into solid solution. Ree: 
f Ti, + Bed Foster and Royal [10] in an investigation of alu: 
o — spark-plug bodies found that the compound B 
Tid, 10 30 50 m2 3AI1,O, exists in the system. They did not detern 
COMPOSITION, WEIGHT % ” the melting point of that compound, but, throug! 
detailed discussion of previous work on the beryllia 
alumina system, they suggested the possible forms 
for the equilibrium diagram, pending determination 
X-ray examination revealed that no compounds had | of whether the compound BeO.3Al,0O; melted con- 
been formed and that the specimens consisted entirely | gruently or incongruently. 
of bromellite (BeO) and rutile (TiO, Figure 2 shows the equilibrium diagram of the 
Because the equipment was not available for | system as redetermined for this study. Three 
high-temperature quenching studies, all the mixtures | eutectics were located: (1) at 1,890° +10° C and 
studied had to be cooled relatively slowly from the | about mole ratio 1BeO:4Al,0, (94.2% Al,O;); (2) at 
liquidus temperatures. As a result, neither petro- | 1,850° +10° C and about mole ratio 2BeO:3Al,0 
graphic nor X-ray examinations could substanti- | (85.9% Al,O;); and (3) at 1,835° +10° C and about 
ate the existence of the high-temperature solid- | 75 weight percent of Al,O,. The melting point of 
solution, and the results are necessarily based upon | the recently reported compound BeO.3Al,O, (92.4% 
the observed melting behavior of the mixtures Al.O;) was found to be congruent at 1,910° +10° C 
All the observations of melting behavior of com- | and that of chrysoberyl (BeO.Al,O, —80.3% Al,O 
positions in this system were made on specimens | was redetermined at 1,870° +10°C. An interesting 


\ 


TEMPERATURE ,°C 











160 





Ficure | The system beryllia-titania 


Solid solution 


prepared from ground and repressed mixtures that | feature of the new compound, as pointed out by 
had been calcined at 1,650° C for either 4 or 5 hrs. | Foster and Royal, is that its optical properties are 
Table 1 gives the results of the petrographic and | almost identical to those of chrysoberyl, and that the 
X-ray examinations of some of the mixtures studied | only reliable identification method is by X-ray 
in the system BeO-TiO, examination. Table 2 gives the results of the 

A limited study by the Pennsylvania State College | petrographic and X-ray examinations of some of the 
[8] of some of the porcelains in this system indicated | compositions for this system. More than 95-per- 


rarnie 1 Results of me ting-point and softening-range observations and of petrographic and X-ray eraminations of some m 
n the system BeO-TiO 


, 
temperatures " 
b all iperatu Results of petrographic and X-ray examinations 


in at 1,668°, not completed Bromellite occurs as @0)-u crystals in a matrix of 40-¢ 
rutile 
began at 1,672°, not completed Similar to 4BeO:1TiOs, but with somewhat larger 
at 1.801 nor at 1,850° for another interstitial rutile crystals X-ray: BeO plus TiO 
specimen 

Fusion began at 1,672 almost com Bromellite is blocky and the rutile is sponge-like with 

pleted at 1,752 small round and dendritic BeO inclusions X-ray 
BeO plus TiO 

Fusion began at 1,668°, completed at Beryllia occurs as rounded crystals somewhat smaller 
1 ANS than the rutile and also as dendritic inclusions in the 

rutile X-ray: BeO plus TiO» 

Fusion began at 1,669°, completed at Large rutile grains with dendritic bromellite inclusions 
less than 1,607 Rapid melting at Single bromellite grains are rare. X-ray: BeO plus 
1,674 TiO, 

Fusion began at 1,480°, completed at Large (100-~) rutile and small bromellite. Dendritic 
jess than 1,668 and round bromellite inclusions in rutile X-ray 

BeO plus TiO 
) began at 1,687°, completed Similar to 1BeO:4TiOs, but with less bromellite 


* In most cases, the beginning of fusion as indicated is for the test of the speci button shape and does not necessarily connote that the mixture had cor 


men described and is usually within 2° C of the average value obtained for three liquefied 
ww more determinations of the same mixture The term “complete fusion > Specimens examined were not quenc hed. and the phases observed 


means that the pyramidal specimen had fused sufficiently to flow into a flat be those in equilibrium at the maximum temperature of heating or at the | 
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Fiaure 2. The system beryllia-alumina 
cent conversion to the compound chrysoberyl was 
found when equimolar mixtures of beryllia and 
alumina were heated at 1,250° C for 4 hrs. 

In this system an unidentified phase of high index, 
» 1.80 to 1.81, was found petrographically to 
be most pronounced, ranging up to an estimated 
10 percent by volume, in those mixtures whose com- 
positions ranged from chrysoberyl to alumina. An- 
other unidentified phase, ranging up to an estimated 
15 percent by volume, was found by X-ray examina- 
tion in those mixtures whose compositions ranged 
from chrysoberyl to beryllia. The phase observed 
by X-rays was found to have a major d-spacings of 
,.13, 2.71, and 1.916 (CuK,,). In no instance was 
it possible to determine the presence of both uni- 
dentified phases in the same specimen and there was 
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Fiagure 3 The system alumina-titania. 

no indication that both phases were similar in any 
respect. In addition, it was not possible at any time 
to identify either phase in the same specimen by both 
petrographic and X-ray examinations. The amount 
of contamination in these specimens was shown by 
spectrographic analyses to be very small, not exceed- 
ing 0.05 percent, although previous experience [1] 
had shown that when alumina was melted in the 
thoria-resistor furnaces contamination of the melt 
by the furnace atmosphere resulted. 


3.3. The System Alumina-Titania 
a. Phase Relations 


The reports of both Wartenburg [9] and Bunting 
[11] on this system indicated a eutectic at about 20 
weight percent of alumina and about 1,710° C, a 
congruently melting compound at about 1,860° C 
(Al,0,.Ti0,—as determined by Bunting), and a eutec- 
tic at about 62 weight percent of alumina and about 
1,850° C. The results of this study, figure 3, are 


Resulis of melting-point and softening-range observations and of petrographu and X-ray examinations 


Maxi 
mum 
tem 
perature 


Composition 
ALO BeO 


Mole 


67.01 


* In most cases, the beginning of fusion as indicated is for the test of the specimen 

ribed and is usually within 5° C of the average value obtained for three or 
The term “complete fusion’’ means 
¢ pyramidal specimen had fused sufficiently to flow into a flat button 


jeterminations of the same mixture 
+ + 


VO3374 


of some mixtures in the system 


Effect of heating * 
all temperatures in °C 


Fusion began at 1,895°, not completed 
at 1,900". 


Fusion began at 1,886°, 
less than 1,800 
1,805 

Fusion completed at less than 1,915° 


completed at 
Rapid melting at 


Fusion began at 1,546°, completed at 
less than 1865°. Rapid melting at 
1, 850° 

Fusion began at 1,843°, rapid melting 
at 1,868°, completed fusion at 1,870 

Fusion began at 1,837°, completed at 
less than 1,860° 

Fusion began at less than 1,843°, not 
completed at 1,881° 


BeOQ-A1,0 


b 


Results of petrographic and X-ray examinations * 


Corundum occurs as large polyhedral grains as the pri 
mary phase, with large matrix grains of BeO 3AlO; 
X-ray: 10 to BY] AbOs: remainder BeO 3Ah0; 

BeO 3AbhO; appears to be primary phase—100-, poly- 
hedral grains. Small amount round corundum 
X-ray: 5°% AlOs, remainder BeO 3AhO 

Practically all BeO.3AlO; as 2-u plates or flakes 

t-ray: All BeO 3AhO 


X-ray: 55° BeO.3AbO,, 45% chrysobery! 


Chrysobery] appears dirty from less than 1|-« inclusions 
and occurs as large plates or flakes 

Practically all chrysoberyl. Edges of crystals appear 
cloudy, with 5-~ intermixed beryllia 

Chrysoberyl appears cloudy, with inclusions of brome! 
lite. X-ray: 75% chrysobery!l and bromellite 
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shape and does not necessarily connote that the mixture had completely liquefied 
> Specimens examined were not quenched, and the phases observed may not 
be those in equilibrium at the maximum temperature of heating or at the liquidus 





considered of sufficient interest to devote consid 


generally in close agreement with the results of those 
time and effort to completely investigate the kin 


mvestigations In addition, however, it was found 
that there are two forms of aluminum titanate of the problem. All the observations of me 

Two eutectics were located at 1,705 5° C and | behavior of compositions in this system were mad 
about 20 weight percent of ALO, and at 1,840 10 specimens prepared from ground and repressed 
(‘and about mole ratio 5AL,0,:4TiO, (61.5% ALO tures that had been calcined at either 1,675° « 
The beta, or low-temperature, form of aluminum 1.800° C for 2 hr. Table 3 gives the optical 
ALO. TIO... 56 1% ALO seems to be X-ray 


properties of the two forms of alum 
titanate, and table t vives the results of the pe 


titanate 


stable for periods up to about 100 hr in the range 
graphic examinations of some of the mixtur 


from room temperature to about 750° C and from 
about 1,300° to its inversion temperature at about 
1,820° C. The alpha, or high-temperature, form is 
stable from 1,820° to its meiting point at 1,860 10 
te It is realized that the equilibria proposed for the 
how-Lemperature stability of the beta form of the 


this svstem 

Because of the very viscous nature of the liq 
formed when mixtures of alumina and titania 4 
heated, especially for those containing more tha 
weight percent of alumina, considerable diffix 
was experienced in interpreting the melting-p 


equimolar compound is not correct but it was not 


PARLE 4 t ) s of alpha and beta aluminum titanate 


? 


Se) a 


Blue pleochre 
Plates and needle 
Parallel to Ne 
Parallel 
Very large 


chart recording shows a total many of them we very weak (test 512 
chart recording show s total of many of them were very weak (11-21-49 


ange observations and of petrog aphic and X-ray examinations of some 


Tapie 4 Results of melting pown 
n the aystem Al,( 3 TiO, 


( OFM pm 
ill temperatures 
} 0 ! iph ‘ ray examination 


in at 1,868°, not complete at Corundum occurs as blocky crystals (50 About 

1% aAlyOs. TIO, occurs as round or dendritic inclu 

sions in BAlyO:. TIO may be an exsolution texture 

um at 1,826°, very rapid at Practically all BAlOs. TiOs, but with a small amount 
ompleted at less than 1,850 of intermixed corundum and rutile as dendrites 

began at 1,828°, rapid at 1,840° Rutile and corundum only Rutile in form of 

ted at less than 1,858 grains, and dendrites appears interstitial to blocky 

corundum 
Slowly heated and cooled specimen showed polyhedral 


began at 1,.800°, completed at 
grains of BAleOs. TiO) and some corundum 


s than 1,870 Crystallization at 


Rapidly heated and cooled specimen showed varying 
amounts of a and BAlyO,. TiO; in different portions of 
the specimen Alpha phase ordinarily 100 by 200 » 
85°) of central portion 

on began at 1,822°, completed at Very large plates of BAlyOs. TIO, (400 by 1,000 ») with 

droplets of rutile on surfaces 


ss than 1,851 
jon began at 1,712°, completed at Large needles of BAlO:. TiO, (150 by 1,000 a) with in 


ss than 1,850 Crystallization at terstitial rutik 


began af 1.808", rapid at 1.830", 
omplete at 1800 


184) 
Sand complete fusion at less than 


L7Ww 


Intermixed rutile and BAbOs.TiOy as eutectic area 7Ta8-LI 


Thosalk 


shape and does not necessarily connote that the mixture had completely liqu 
>» Specimens examined were not quenched, and the phases observed may 


* In most cases, the beginning of fusion as indicated is for the test of the speci 
those in equilibrium at the maximum temperature of heating or at the liq 


men described and is usually within 5° © of the average value obtained for three 
or more determinations of the same mixture The term “complete fusion" means 
that the pyramidal specimen had fused sufficiently to flow into a flat button 
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ftening-range data. The information gathered 

nonstable melting relations indicated another 

ound (at about 58% of alumina) in the system 

lition to aluminum titanate (56.1% of alumina). 

new phase was later identified as being the high- 

erature form (alpha) of the equimolar com- 

The shifting of the maximum melting-point 

erature around the 1:1 mixture toward alumina 

‘ted an incongruent melting of aluminum ti- 

or a solid-solution of alumina in aluminum 

te. Eight mixtures in addition to the 1:1, 

ning between 50 and 65 weight percent of 

na, were prepared and their melting points and 

ym ranges determined, using both conventional 

rapidly heated and furnace schedules 

results of these tests indicated (1) the existance 

, eutectic at about mole ratio 5Al,O; : 4TiO,, (2) 

sistance of the alpha form of aluminum titanate, 

}) the maximum liquidus temperature for the 

; of mixtures located very close to the 1:1 com- 

sition. Although these results seem to show that 

the ALO,: TiO, melts congruently, the possibilities of 

ent melting and of alumina-aluminum ti- 

solid-solution cannot be discarded entirely 

ise of the extreme difficulty experienced in de- 

mining the high temperatures involved, especially 

th the viscous nature of the liquids formed at those 
nperatures 

n order to obtain the two forms of the aluminum 

tanate, it Was necessary to heat the samples very 

idly in the range 600° to 1,500° C (usually not over 

hr) and to cool at a rate of at least 800 deg C/hr 

tually cooled 400 deg C in the first 5 min).  Be- 

use of the poor thermal-shock resistance of the 

thoria muffle in the furnace, only a limited number of 

sts of this type were practicable. It was only by 

this means, however, that the alpha form could be 

partially “frozen’’ in the samples. Slow cooling per- 

mitted complete reversion of the alpha to the beta 

form in every instance, indicating that the reaction 

is reversible 


cooled 


b. The Compound Aluminum Titanate 


\ communication from the Pennsylvania State 
[12] gave the information that the linear 
thermal expansion of aluminum titanate in the range 
from room temperature to about 1,000° C was less 
than that of fused silica. Accordingly, the compound 
vas formed, the linear thermal expansion was mea- 
ired, and the result was found to agree. However, 
during a second determination of the expansivity, 
vhen the test temperature was raised to 1,500° C, a 
ry marked inerease in the expansion rate for the 
material was found. An additional determination 
was made using the same specimen and heating it 
the same maximum temperature. The high 
pansion rate was verified. During the correla- 
on of these results, it was noted that the maximum 
vative expansion value and temperature during 
iting, the temperature at which the expansion be- 
me positive during heating, and the heating and 
oling curves were markedly different for each test. 
other test sample was prepared, and the expansiv- 


( ollege 





r 4 


EXPANSION, 


LINEAR THERMAL 











TEMPERATURE, C 


FiGgure 4 Linear thermal ¢ rpansion of beta aluminum titanate 

lest specimen was prepared from equimolar proportions 
it 9,400 Ib/in.?, and heated at 1,800° C for 1 hour before testing 
2d tost curve 


of the oxides, presse 
Ist test curve 


ity to 1,500° C was determined twice, using this same 
specimen. The results of these tests are shown in 
figure 4. A phase change was indicated in all the 
expansivity determinations for the compound by the 
change in slope of the heating curve between about 
1,100° and 1,300° C, combined with the difference in 
the heating and cooling curves, and the growth of 
the specimen after each test. However, no transi- 
tions in the range 900° to about 1,350° C were evident 
by differential thermal analyses 

An investigation of the possible dissociation of the 
compound was then undertaken. The relative 
amounts of the formation, decomposition, and _ re- 
formation products of aluminum titanate were esti- 
mated in volume percentages by petrographic exam- 
ination. Original crystallization was accomplished 
by heating equimolar mixtures of alumina and titania 
at temperatures of 1,600°, 1,700°, and 1,800° C for 
1 hr 

Three groups of raw materials of varying purities 
were used. Series A material was made from 
oxides of the highest purity obtainable (the same 
as those used for the phase-relation studies), 
B material was made from commercially available, 
high-purity oxides (the same as those used for the 
determination of physical properties), and 
C material was made from commercially available, 
high-purity alumina and grade ti- 
tania For each of the groups complete conver- 


series 


series 


spectroscopic 
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sion to the compound resulted from the 1,800° C 
electric-furnace heat treatment. After the 1,700° C 
treatment, the B and C mixtures were completely 
converted, but the purest mixture was 98 percent 
converted. After the 1,600°C treatment the im- 
pure mixtures were 95 9S percent converted 
to the compound, and the A mixture was 90 per- 
converted. In addition, two trials at low 
temperature were carried out for the very pure, 
A, mixture; after 8 hr at 1,350°C, the material 
contained about 5 percent of aluminum titanate, 
but after 20 hr at 1,300°C the specimen contained 
about 10 percent. When heated for 1 hr at 1,700° C 
in a gas-fired furnace, about 95 percent of the 


to 


highest purity mixture was converted to the com- 


pound. These results indicate that the higher 
the purity of the original materials, the more diffi- 
cult is the formation of the compound at tempera- 
tures below 1,800° C. 

One sample of the A material, which had been 
heated at 1,800°C in an electric furnace, and one 
sample of the B material, which had been heated 
at 1,700°C in a gas-fired furnace, were reheated 
at 1,200° C for 25 hr. The result was that only 
about 2 percent of the compound remained in the 
A material, and only about 5 to 8 percent remained 
in the B material. This indicated that decom- 
position data would not only be necessary for 
the phase-equilibrium investigation, but would be 
equally important to the industrial fabricator using 
high-purity commercially available materials. 
Therefore, two bulk samples of series A and series 
B materials were prepared. Table 5 gives the 
results of the petrographic examinations of a number 

Tassie 5. Effects of 
Formation 


Bulk + 

V 
sample Temper 
ature 





’ sAllof the “A” 
and were from the same batch 
commercially available oxides 


series were made from oxides of the highest purity obtainable 
The “BB” sample was made from high-purity, 


Temper 


of these samples, which had received various 
treatments, for the study of the formatio: 
composition, and re-formation characteristi 
aluminum titanate. 

From these and earlier results it was foun 
that an area of instability exists for the compou 
the temperature range from about 750° to 1,30 
(2) that, generally, the purer the component o 
used for the formation treatment, the more easi! 
compound is decomposed, (3) that re-formation 
the decomposed state seems to occur more readi| 
the pure material than for the originally less 
material, (4) that the effect of gas firing as the met 
of heat treatment increases the formation and 
formation rates, regardless of the purity of the mate- 
rial, and (5) that it appears that two simultane: 
processes, formation and decomposition, occur within 
a mixture of alumina and titania during the lower 
temperature treatments (about 1,100° to 1,300° ( 
with decomposition proceeding at a faster rate tha 
formation after a time interval of something less tha: 
25 hr. 

A recent report by Hamelin [13] substantiates to a 
certain extent the upper limit of the aluminum 
titanate instability region reported in this paper 
She found that heating equimolar mixtures of alu- 
mina and titania, with and without a 5-percent addi- 
tion of boric oxide as a mineralizer, at 1,250° C for 
- and 1-hr periods resulted in no combination but 
that heating the same mixture for 10 min at 1,450° C 
resulted in complete conversion to the compound 

In addition, limited investigation of the properties 
of aluminum titanate bodies prepared both from raw 


and prereacted materials revealed that (a) pure alu- 


' 


arious heat-treatments on the compound aluminum titanate 


Decomposition Re-formation 


ALO 
TiO;* 


Temper 


ature Dime 


Time Code 


ature 


> Volume percentages of aluminum titanate estimated petrographically 
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m titanate specimens are extremely friable when | of Ti,O, (less than 0.01%) have extremely strong 
ed from the component oxides, (b) shapes have | coloring effects. The discoloration was noticed only 


| 
what greater strength when formed from pre- | in those specimens that contained free titania. 
| Otherwise the samples were white or very light tan. 


ted material, (c) the strength at room tempera- 


is poor for either formation procedure when com- ‘ ; . ; 
d to the strengths of normal oxide porcelains, 4. The System Beryllia-Alumina-Titania 


d) the linear thermal expansion is very low, but | 

in the range from room temperature to about | 4.1. Phase Relations 
0° C A search of the literature revealed that there are no 
3.4. Titanium Dioxide published reports of a systematic study of the equi- 
libria in the system beryllia-alumina-titania. The 
\ithough it was apparent that titanium dioxide did | results of this investigation are shown in figure 5, in 
we in the BeO-TiO, system, and to a much lesser | which the indicated equilibria are based on the as- 
nt in the Al,O,-TiO, and BeO-Al,O,-TiO, sys- | sumed congruent melting of alpha aluminum titanate 
s, the amount of reduction is considered es being | (sec. 3.3, a). The limitation of funds did not permit 


hate- 

eous race quantities because no evidence of reduction | completion of this phase of the investigation. 

ithin ld be found by petrographic or X-ray analyses. The report of this project to the Office of Naval 
ower e discoloration of the samples (to a dark blue-black | Research [14] listed the invariant points of the sys- 
PC extreme cases) is evidence of the reduction of | tem as being at (1) 1,575° +5° C and mole ratio 


than unia, but it is well known that very small amounts | 1BeOQ:1Al,0,:1TiO,, (2) 1,579° +5° C and mole ratio 


than 


num 
Aper 
alu- 
addi- 
’ for 
but 
et by 
il 
Thies 
| raw 
alu- 








Fiaure 5. The system beryllia-alumina-titania. 


C) of the invariant points. The 


figure shows the compatibility triangles, the locations of the primary phase boundaries, and the temperatures (deg 
The temperatures of the 


liar compositions approximating the invariant point compositions and those of other mixtures studied are shown on figure 7 
w-melting invariant points within the ternary system were determined from quenching studies, and those of the otber invariant points were found from 
oint and softening-range determinations 
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- 
2BeO0: 1 Al,O,:2TiO }) 1,586 5° C and mole Following the report to ONR and using a co 
atio 2BeO:1AL,0,:4TiO,, and (4) probably at about | tional type platinum-wound quenching furna 
1.755 10° C and about mole ratio 2BeQ:5Al,0;: limited number of tests for a more accurate det 
2TiO No ternary compounds or areas of solid solu- | nation of the three low-melting invariant point 
tion were positively identified. Results reported to | peratures were made. It was found that at 
ONR were obtained from melting-point and soften- | ratio 1BeO:1Al,0,:1TiO, (12.1% BeO, 49.3% AiO 
ing-range studies of compositions prepared from | 38.6% TiO,) the solidus temperature was | 
ground and repressed mixtures that had been calcined 5°C, at mole ratio 2BeO: 1 Al,0,:2TiO, (16.1% be 
at about 1,570° C for 1 hi Table 6 gives the results | 32.7% Al.O,, 51.2% TiO.) it was 1,572 5° ( 
of petrographic examinations of some of the mixtures | at mole ratio 2BeO:1AlL0,:4TiO 10.6% Q 
studied (see also fig. 6 for the locations of the mixtures | 21.6% ALO,, 67 8Y, riO this temperature 
on the ternary diagram 1.577 BY © 
Parie 6 he f meltir po tf and softer inge observations and of petrographic and x. ay eraminations of some 
n the system BeO-Al,O,-TiO 
4 
; Ef :, x 
: na } , . , 
Bed ALO o Re ALO 
Yi Vu f p t 
‘ ~ ; t be ij ‘ xtu k ‘ A - 
' ' ha ' and ct t BeO SALO : 
"4 “ itile ystal ” : 
s I ke, with unid t 
fic X-ray (808-LB): Ru : 
} t Be) 
~ . t 4 Det t 1 BALO:. TIO * : 
: . Ru bot wrt t 
i : 
. bo) I t In i Os? Ar equal juantitie bee 5 - 
plet at BeO 3AbOy and BAbO:. TiOs, both as p 
‘ ira grait tive slur nur tita ate being wt 
4 i i ' Fusio begar at iv 00-4 blocky BAbLOy. TIO with polyhedra x24 iM 
hrvsoberyl or BeO. 3AbLO 4 
4 m4 wi Fusion began at 1,737 I e plate chrysobery! or BeO.3AlO,, seal 8 
in t nplete at BAbOs. TiOs ot irface About 10 oru 
wn jum. X-ray (811-1 BeO.3AhO; and 
8A) rio 
~ t Ie , Intermixed } x2 
Fu t : xs I ved al i s 
dete } Ve : . " 
i Fu , bega it SY Pra i ill t f ‘ | Pa] 
Thy at sake t t i I at ) i 
uM hrysobery! 
“4 . } hega at % Sa 2BeO:1LAbOs6TIO>s (G26-N x % 
at ike h ! P 
” ‘ ~ } on t y ; ‘ wr 0-4, poly hed sobs BeO 3ALO ri 
ulm ‘ alla int itile a rstit " 
™) : 
~” , 2s OFu began at 1 Practically all 40 to 100 4 round erystals of chryso- 902 
nplete at 1.828 beryl or BeO.3Al05, with small, round 
possibly rutile 
wei, Nt ~ ‘ Fu hega : six 4 st all Su polvhed hrysot 1 
pi SM BeO SALO witt ula rundun ’ 
BAlOy. TIO x ae] BeO SAbO 
with smal : ul alpha indum and 
B8AbOn. TIO 
. ' ala! N 1 " Large amount of larg 1 " \ wh 
~w hrysobery! w BReOSALO ] u“ 
BALOs. TIO X-ra oI BeO BAbO> a 
aAhO 
‘ j ~ ‘ 4 | Fu n began at less thar Blocky chrysobery BeO SALO with rutile wt 
) mplete at less umd «small ount rol lite X-ray 
ha iw chrysoberyl und trace of bromellite 
128 % Fusion began at 1,592°; | Rutile with interstitial dendritic bromellite and | 8 
mplete at 1,450 small amount of chrysobery! BeO 3Ab0 
ray: Rutile, bromellite, and chrysobery! 3 
' . MU Fusion began at 1,580 Blocky bromellite, with blocky and dendritic ru ~~ : 
omplete at less than tile, some of the rutile being dendritic inclusiot j 
aa 
i ; i <u Fusion began at 1,778 Chrysobery! or BeO 35Ah0O th mixed interst a4 
mm plete at 1,830 tial, dendritic bromellite, and rutile 
‘ ” i “4 Fusion began at 1,8 Large chrysobery! or BeO.3AlO) prisms, with ur ’ 
mplete at 1,840 lentified dark interstitial film X-ray (8090-1 
Chrysobery! 
* In most ca be x ision as indicated he test of the spec Results of quenching studies lidus ' " 1,580 
lescribed ar isually wit! + © of the average value obtained for three mary phase chrysoberyl; 2:1:2—solidus temperature l +5” ( 
r more determinations of the same mixture rh nplete fusion’’ means phase chrysobery and 2:1:4—solid: perature 77 C, prin 
that the pyramidal specimen had fused sufficiently to flow into a flat button shape rutile 
al loes not necessarily connote that the mixture ! pletely liquefied 
Specimens examined werr ot quenched, a phases observed may not 
be those in equilibrium at the maximum temperature of heating or at the liquidus 
i 


306 





+ cleat ae 





composition 1 BeOQ:1AlL,O 





addition to obtaining information on the differ 
s in results that can be expected between the 
methods of determining liquidus and solidus 
veratures, identification of the primary phases 
more readily established when the specimens 
d be quenched rather cooled relatively slowly 

the oxide-resistor furnaces. It was found also 
t the 1:1:1 and the 2:1:2 mixtures were located 
hin the chrysoberyl primary phase region, and 

the 2:1:4 mixture was located within the rutile 
d. The linear thermal expansion measurements 
$.2 and 4.3) gave another indication 
it the 1:1:1 mixture should be located within the 
vsoberyl field. It is believed, however, that the 
ie invariant point compositions are located within 
out 2 weight percent of the compositions of the 
atios used to describe the invariant points. 


sections 


4.2. Ceramic Bodies 


lables 7, 8, and 9 give the maturing data, the 
ength-test values, and the results of the stress- 
ain studies of various porcelains whose composi- 
ms represent that area of the triaxial diagram 
vy. 6) in which bodies could be formed with an 
tivalent water absorption of less than 0.1 percent. 
Figure 7 shows the stress-strain relations of those 
wodies selected for transverse-strength testing at 
s00°F. The only porcelain that showed no plastic 
leformation during the testing had the molecular 
1TiO,. Figure 8 shows the 
fect of ys, 1, and 4 mole additions of beryllium oxide 

the linear thermal expansion of the composition 


(LO, :1 TiO, 
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RE ¢ Porc r th } | 
) orcelains OJ the system berylliia-aiumina-titania, 
ws the location of the area in the triaxial diagram (the central 
‘ h practically impervious porcelains may be made Those com- 
between the upper heavy line and the BeO-apex, and between the lower 
und the AlyO:-TiO: boundary, could not be matured (less than 0.1% 
water absorption The mixtures shown between the heavy dashed 
1 TiO, were not used for physical property testing The compositions of the 
ndicated on the figure in molar ratios but are placed graphically 
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Fiaure 8. Linear thermal expansion of porcelains on the 
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These curves show the effect of . 1, and 4 mole additions of beryllia on t 
expansion of the aluminum titanate composition rhe expansions of molk 
compositions 2BeO:1AbOs:3TiO2g, 6BeO 1 AlO,2TiIO,, and 3BeO:2AhO0r 1 TiO, 
are similar to that of 1BeO:1AlOs1TiOg, Curve 1, AlOs:TIOy: curve 2, 
1BeO:2AlO;5:2Ti02; curve LBeO:1AlpOs:1 TiO,y: curve 4, BeOsLAlyOy 1 TIO, 
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4.3 Discussion 


Although the limited information available did not 
permit statistical analy sis of the strength-test data 
certain trends were indicated 


a. Room-Temperature Strength Tests 


Fairly good agreement was noted for the values of 
compressive and transverse strength of the bodies 
and 8). Those porcelains having the 
highest compressive strengths also showed the high- 
est transverse strengths, and similarly, the lowest 
compressive strength bodies showed the lowest trans- 


a a tables 7 


verse strengths, 
b. Room-Temperature-Elasticity Tests 


Young's modulus of elasticity at room temperature 
table 8) was determined by both sonic and static 
methods, using bar specimens with a span of 5 in 
Unfortunately, the sonic apparatus was not used 
before the bars had been broken transversely, and it 
is, therefore, impossible to compare the values ob- 
tained by the two methods for the same test speci- 


men However, it was found that the values 
obtained by the sonic method were consistently 
only between 1 and 3 percent higher than those 


obtained by the static method for different specimens 
of any given composition. Such agreement is con- 
sidered as being good When bars of one composition 
were tested, for which a 3-in the 


agreement was poor 


span was used, 


c. Transverse Strength at Room Temperature Versus Transverse 
Strength at Elevated Temperature (1,800° F) 


The transverse strengths at 1,800° F were ordi- 
narily about 50 percent lower than the values for 
specimens of the same body composition tested at 


room temperature (table 8 Those having the 
highest strengths at room temperature (with one 


exception) had only medium or low strength at 


1,800° F, but those with the lowest strengths at room 
temperature also had the lowest strengths at 
1.800° F 


d. Elasticity at Room Temperature Versus Elasticity at Elevated 
Temperature (1,800 


Young’s modulus values from data obtained at 
1,800° F were ordinarily 25 to 40 percent lower than 
the values for specimens of the same body tested at 
room temperature (table 8). Poor agreement was 
noted for the relative elasticity values at the two test 
temperatures. This may have been caused, in part, 
by the fact that the 1,800° F test values were 
calculated from the lowest part of the deformation- 
load diagrams where the “plastic flow’? was rela- 
tively small; the deformation of any one bar was 
not a linear function of the loading of the bar, 
except for those specimens of mole composition 
1BeO:1Al,O,:1 TiO, 





e. Stress-Strain Relations Versus Strength and Elasticity 
Elevated Temperatures (1,800 


Except for the bodies of mole composition OR 
1A1,0,:9TiO,, the strain rates for the beryllia-al 
na-titania porcelains at 1,800° F and 12,000 |b 
stress (tables 8 and 9) were only about 10 to 25 
cent of the values for beryllia porcelains in the sys 
beryllia-alumina-zirconia [4]. It was possibl 
compare the stress-strain and strength values of 
beryllia-alumina-titania porcelains only at. str 
between 6,000 and 9,000 Ib/in In this stress rar 
it was noted that there was good agreement betw 
the strain rates and the transverse strength, that 
those bodies showing very little or no strain o 
narily had the highest transverse strengths, and t] 
with the highest strain rates had the lowest tra 
verse strengths. A similar agreement was noted 
the strain-rate—modulus-of-elasticity relations. 

When the strain rates of the short-time str 
strain tests at 1,800° F were high (above 1.9 (in./ir 
min at 6,000-lb/in.? stress and above 2.6 (in./in.) /1 
at 9,000-lb/in stress) the relatively slow loadi 
rate, (1,500 Ib/in.*)/hr of the stress-strain t 
resulted in transverse-strength values as much as 35 
percent lower than those obtained with the mor 
rapid loading, (1,500 Ib/in.*)/2 min, of the regular 
transverse strength test. The strength values 
obtained for specimens that had strain rates lower 
than those indicated were within 3 to 4 percent of 
each other, regardless of the loading method use: 
A 5-percent deviation is considered as good agre: 
ment. 


f. General Discussion of the Porcelains Developed 


It is believed that three of the body compositions 
developed in this investigation (15BeO:5Al,0,:1TiO 
6BeO:1Al,0,:2TiO,, and 3BeO:2Al,0,:1 TiO, 
find use in high-temperature applications 
strength, but not thermal-shock resistance, is of prim 
importance. The properties determined for thes 
three bodies are compared in table 10 to the range 
of properties determined for all of the beryllia-alumi- 
na-titania porcelains developed. 

The high compressive-strength value for the 3:2 
composition was totally unexpected because the 
normal crystallization of chrysoberyl would suggest 
considerably lower strength. This and the 15:5 
body had the lowest strain rates determined for 
these porcelains. Of particular interest to those con- 
cerned with strength at high temperatures would be 
the 1:1:1 body; no loss in transverse strength (about 
17,000 Ib/in.?) was observed at 1,800° F when com- 
pared with the value determined at room tempera- 


may 
where 


ture. However, the 1:1:1 body had a high elas- 
ticity 43 million lb/in.? at room temperature and 56 


million Ib/in.? at 1,800° F. 

The expansion characteristics of the three highest 
strength bodies, 15BeO:5Al,0,:1TiO,, 6BeO:1 ALO: 
2TiO,, and 3BeO:2Al,0,:1TiO,, are very s milar to 
that shown by curve 3 of figure 8. It is possible to 
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correlate the expansions of the porcelains reported 


2 with the expansions of the primary phases for the 
: = fields in which these compositions are located 
: =Z From the phase relations existing in the system 
: beryllia-alumina-titania (figs. 5 and 6), it can be 
, 7 seen why an aluminum titanate-bervllia porcelain of 


outstanding thermal-shock resistance cannot be 
developed A study of the diagram shows that an 
~- me addition of bervllia to aluminum titanante, and at 
: the expense of the aluminum titanate, forms chry- 
soberyl, which is noted for its high expansivity, very 

















x : coarse crystallization, and rather low strength. <A 
: Z similar examination shows also that no free beryllia, 
Ss = és $s for thermal-conductivity benefits, could be available 
5 = =% “ until more than about 20 weight percent of beryllia 
2 had been added, and that before that percentage 
: 7 == had been reached no low-expansivity aluminum 
> i 5; = = 2 es titanate can be formed 

: > : 5. Summary 
g = . The system beryllia-titania contains no com- 
| Ss se pounds, a single eutectic exists at about 85 weight 
2 é Ss percent of TiO, and 1,670 3° C, and a narrow 
ore | = . = region of mixed crystals (an area of solid solution), 
i : as indicated by the melting behavior of various mix- 
: tures, extends from just beyond the eutectic to the 

i : ee z melting point of pure titania. 

ol : == =* > Three eutectics in the system beryllia-alumina 
an | = me were found to be at: (1) 1,890 10° C and about 
( = - mole ratio 1BeO:4ALO,, (2) 1,850° +10° C and 

: > - about mole ratio 2BeO:3Al1,0;, and (3) 1,835°+10° C 

= | & and about 75 weight percent of alumina. The melt- 

~ +a oP ing point of the recently reported compound BeO.- 

e é : Si 3Al1,0, was found to be congruent at 1,910° +10° C 

a. . = ; P . and that of chrysoberyl (BeO.Al,O,) was redeter- 
' : : mined at 1,870° +10° C 

_ ; 5 | & In the system alumina-titania, it is probable that 

. / > oP oe the compound AJ,O;.TiO, possesses two forms. The 

a - = a alpha, or high-temperature, form is stable from the 

— ' : : alpha-beta inversion temperature of 1,820 lee C 

nes ~ to its congruent melting point of 1,860° +10° C 

- S st -RES S SE The beta, or low-temperature, form seems to be 

. ; . Sa% : stable for periods up to 100 hr from room temperature 

+ : = . to about 750° C and from about 1,300° C to its 

> = 5 : =< = $= inversion temperature. One eutectic at 1,705‘ 

» Z = <* + 5° C and about 20 weight percent of alumina and 

as . 2 : ao one at 1,840 10° C and about mole ratio 5AlI,O,.- 

: — = : “eon a 4{TiO, were found in the system. There is some doubt 
“he ~ z =~ as to whether the alpha aluminum titanate melts 

; oi & : a congruently or incongruently, but the majority of 
~ -F 4 ae ie the data indicate that the melting is congruent. 

t £2 iy ae Although aluminum titanate exhibits low linear 

- - thermal expansion, only friable, very low-strength 
A c _SSES2 bodies can be made by using the pure component 

=2 i eae oxides with no other additions. When such a body 
; = —— is used at temperatures between about 750° and 
we - 1,300° C, a gradual increase in the expansivity can 
; a = be expected, which can be traced to the decomposition 

- : of the aluminum titanate into its constituent oxides. 
2 Sia -- Three invariant points are indicated in the system 
= 26 &= beryllia-alumina-titania 1) 1,572 5° C and 





about mole ratio 2BeO:1Al,0,:2TiO,, (2) 1,577° 
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+ 5° © and about mole ratio 2BeO:1Al,0,:4TiOp, 
and (3) 1,580 5° C and about mole ratio 1BeO: 
1Al,0,:1TiO,. It is probable that another invariant 
point is located at about 1,755° +10° C and about 
mole ratio 2BeO:5Al,0,:2TiO,. These invariant 
pomts were located in that area of the triaxial di- 
agram representing mixtures containing less than 18 
weight percent of beryllia. 

Early in the development of the bervllia-alumina- 
titania refractory porcelains and after the investi- 
gation of the phase relations existing in the ternary 
system, it was evident that any attempt to combine 
the high thermal conductivity of bervllia with the 
low expansivity of the compound aluminum titanate 
could not successful. However, a number of 
relatively high-strength high-temperature porcelains 
were developed. They may be of use in applications 
where thermal-shock resistance not of prime 
importance. The range of values for the general 
yhysical properties of practically impervious porce- 
as of this system were found to be: maturing 


be 


Is 


range, usually 1,525° to 1,575° C, but with some 
of the high-alumina-containing bodies maturing 


» 9 


between 1,600° and 1,700° C; apparent density, 3 
to 3.7 g/em®; shrinkage, 11 19 percent; room- 
temperature compressive strength, 187,000 to 280,000 


» 


to 


lb/in.*; room-temperature transverse strength, 13,700 
to 25,000 lb/in.?; Young’s modulus at room temper- 
ature, 42,000,000 to 47,000,000 |b/in transverse 


strength at 1,800° F (982°), 10.500 to 17.000 Ib/in.: 
approximate Young's modulus at 1,800° F, 22,000,000 
$1,000,000 |b/in.2:; relative thermal-shock 
ance, poor; and, the linear thermal expansion of a 
few in the range 25 950° C, 
usually was regular and ranged from 0.81 to 0.89 
percent 


to resist- 


selected bodies, to 
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Effect of Temperature on the Tensile Properties 


of High-Purity Nickel 


William D. Jenkins and Thomas G. Digges 


Tension tests were made at temperatures ranging from 
Exceptions to the usual trend exhibited by metals 


purity nickel in the annealed condition 


320° to 1,500° F on high 


of decreasing strength and increasing ductility with increasing test temperature were observed 


and discussed 
80° to 300° F, 
,200° and 1,500° F. 


l. Introduction 


[The tests described in this paper are a part of 
: comprehensive investigation to evaluate the rheo- 
lovical behavior, tensile and creep properties of high- 
purity nickel, high-purity copper, and alloys of these 
twometals. The relatively low range in temperature 
at which creep may occur in these metals, the unlim- 
ited solid solubility of the two metals in each other, 
the availability of commercial metals of very high- 
purity, and the wide industrial applications of both 
the metals and alloys make this binary system an 
attractive one for use in this study. 

The results of creep tests at 110°, 250°, and 300° F 
on high-purity TOFHC) copper and of short-time 
tensile tests at temperatures ranging from —320° 
212° F on the copper, nickel, and copper-nickel 


to 


allovs initially as annealed were presented in previous 


publications. Additional short-time _ tensile 
tests were made at temperatures ranging from room 
to 1,500° F on the same lot of annealed high-purity 
nickel,‘ and the results of the present and previous 
tests on the nickel are contained in the present paper. 


2. Material and Test Procedures 


The specimens used in making the tension tests 
were prepared from two bars from the same heat 
containing 99.85 percent of Ni, 0.009 percent of Cu, 
0.04 percent of Fe,0.03 percent of Mn,0.11 percent of 
Si, 0.007 percent of C, 0.002 percent of S, 0.002 per- 
cent of O, 0.001 percent of N, and 0.002 percent of 
H as determined by chemical, spectrochemical, and 
vacuum fusion analyses. The bars were hot-worked 
to '\¢-in. diameter and subsequently annealed during 
manufacture for an average grain 
0.045 mm. a 

In one series of tensile tests made at temperatures 
ranging from room temperature to 1,500° F, the 
specimens were 6}; in. long, with a reduced section 
of 0.505-in. diameter for a 2-in. gage length. The 

W. D. Jenkins and T. G. Digges, Creep of high-purity copper, J. Research 
NBS 45, 153 (1950) RP2121 

*W. D. Jenkins and T. G. Digges, Creep of annealed and cold-irawn high- 
purity copper, J. Research NBS 47, 272 (1951) RP22S. 
1G. W. Geil and N. L. Carwile, Tensile properties of copper, nickel and some 
~pper-nickel alloys at low temperatures, NBS symposium on mechanical prop- 
erties of metals at low temperatures, NBS Circular 520 (1952). 
‘ The ay gy nickel was ee specially for the National Bureau of 
Nicke 


— by the International 1 Co, through the cooperation of W. A 
fluc ge. 


diameter of | 





Strain aging occurred in specimens tested in the temperature range of about 
but reerystallization and recovery predominated in specimens fractured at 


shoulder fillets were of \ in. radius, and the ends 
were machined with % in. <10 threads. The reduced 
section of each specimen was finished by grinding 
and then polishing in the axial direction, using No. 
400 Aloxite metallographic polishing paper. Each 
specimen was heated in an electric furnace to the 
desired temperature (above room) and held at tem- 
perature for a minimum of 3 hours before being 
tested. The specimen was maintained within +3° F 
of the desired temperature, and the gradient over 
the gage length did not exceed 5° F during the 
period of testing The specimens were tested in 
a hydraulic type machine (15,000-lb range) with 
the specimen and holders occupying about 3 ft 
between two self-alining grips. The movement of 
the head of the machine during the testing was re- 
corded by means of a stress-strain recorder of the 
Templin type. The loading was controlled to pro- 
duce a rate of extension of about 1 percent per 
minute; a rate of the same order of magnitude as 
that used in the previous series of tests. All the 
specimens used in the above series of tests were 
prepared from the same bar, but this was not the 
same bar as that used for the specimens tested at 
subzero temperatures. 

The preparation of the specimens and the testing 
procedure used in other series of tests made at 
temperatures ranging from —320° to +212° F are 
described in detail ina previous report (see footnote ®). 
Essentially, the specimens were 0.505 in. in diameter, 
with a 2-in. gage length, and they were fully im- 
mersed during the testing in tension at a controlled 
rate of loading to produce a contraction of approxi- 
mately 1l-percent reduction of area per minute. 
The change in minimum diameter of the specimen 
during the testing was measured by a special reduc- 
tion of area gage; for the tests made at room temper- 
ature no liquid bath was used, and the diameter 
measurements were made with a micrometer. All 
the tensile specimens used in this series were prepared 
from the same bar. 

One specimen was tested in tension at each selected 
temperature, except that two specimens (one of 
each series) were tested at room temperature and 
two at 212° F. 

Rockwell B hardness (100-kg load, \¢-in.-diameter 
ball) tests were made at room temperature on the 
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specimens prepared trom the annealed bars and on 
the tensile specimens after fracturing at temperatures 
ranging from 88° to 1,500° F Two flats, 180 apart 
were prepared parallel to the longitudinal axis of the 
fractured specimens, and the Rockwell readings were 
made at varius 
flats: the 


diameter | 


points along the center line of these 
in. thick The 
of indenta 
correlate the 
the hardness 


about 0.2 


the 
determined to 


ith 


spe cinens were 
thy 


accurately 


specimen ut points 


tion 


were 


degree of plastic deformation w 
vali 


Ihe 


yp cinen 


isual procedures were followed in preparing 
by mechanical me thods lor me tallography 


mrad mm ecarryving out the metallogra phir examination 


3. Results and Discussion 


3.1. Stress-Strain Curves 


n The stress-strain record obtained in 


eis i 
1 500° fk 


testing apeci 
tension at temperatures ranging trom SS” to 


No definite vield pont 


is given in figure | 


drop of beam) ts evident in any of these curves 
furthermore no vield point was observed in any ol 
the specimens tested at) subzero temperatures 
Although a comparison of the relative height and 


effects of 
respectively ol 
nickel, the influ 
properties is more 


the 
perature on the stress and ductility 
the initially annealed high-purity 
of temperature thes 
clearly shown by the 
10 


width of these curves indicates tem 


enec or 


results summarized in figures 2 











: | 
_ ss _aane 
> . 
% 
wacwuM (Oa 
® efor “ 
L " — 
ELONGATION 
] lul i stress-strain high-purity 
spe ” 7 sled n fenaior j 7 ent pe ures 


314 





STRESS 


Levin? 


STRESS, 


TRUE 


Fi 


the beginning and at complete 








. Y YIELD STRESS (0.2% OFF 
NOMINAL STRESS AT max 
20000 LOAD 
Ur-TRUE STRESS AT MAXimuUM 
LOAD 
7 
| \ 
| . 
60C » |} | 
} . Ne 
eur 
60000 } ~e 
i . . 
U + 
< . 
a } a a 
| . 
} mm 
| 
20000 } I ~ © 
oA 4 pot m j 
} ; *—~t>—» =I oe 
A . 
> - 
| 1 1 4 i a a See | 
400 0 400 800 1200 
TEMPERATURE, °F 
RE 2 Influence of temperature on the y 1 
nm trengt and ft e atress ; ” wad 
y 
300000 
‘—_ a. + 
@ ++I 
j >. ‘ 
\ ° one »' ain 
200000 } —\_ + sq R y+ SF ; 
| Nw ; 
TS ‘ 
100000 
Ry - BEGINNING OF FRACTURE 
R- - COMPLETE FRACTURE 
T 
-400 ° 400 800 
TEMPERATURE, “F 
uRE 3 Influence of temperatu on the true stress 


; 


fract 


specagnens te sted in tension 


of } gh-purity 











































LOAD AT BEGINNING OF FRACTURE 
Ly—Lp_-~ MAXIMUM LOAD MINUS LOAD AT BEGINNING OF 
FRACTURE 


Le- 














& ~ 
* : 5 , 
2% 
> a 
Gu, ? ‘ 
& @. . 
ve--—v-8_ 
4000 Q 
lh 
,) | 6s, 
2 . 
\ o”.6@ 
\ ) 
\ ‘ 
Le] . 
00 ~ 
‘ 
‘ 
* 
*) — 
400 0 400 800 1200 1600 i 
TEMPERATURE, “F 
j hk ff ja fem pe ‘ ” he 0ads f acture and 
esponding to th lifierence between the ma mun 
nd the load at fract 
oy ala Bi 
cTION OF AREA ~ 
| gepuctio 4+ 
a-e 
x 
* 
Ls , “ 
OMPLETE / 
e ' j 
. FRA RE J J 
s 
. = 
P z 
Lae 
Ss Exre P 2 e 
NSic, 4 
ee 4 S/Ony 7. n 
a. —# a 
“” 
o- -0 
Max M, <a EXTEN 
A UN -> NS!On 
. MAD A . 
> wa 4-* . o~ 
“4~ + -a--4 , 
REDUCTicy n--4° 4-4. 
F ARE 4 ~ Oo» 
| | 8 
Fi 
40 ) 800 200 600 
TEMPERATURE, “F 
RE 5 Relation of ten perature to the ductility of high- 


purity nickel specimens fract ured in tension 


315 


























U--MAXIMUM LOAD 
R--COMPLETE FRACTURE 
i 
« 6 
« 
54 
x 
R 
_s 
2 2 eo 
at 
e 
U 
) ~ 
400 400 800 1200 600 
TEMPE RATURE. °F 
URE 6 Effect of temperature on the true st n al marimun 
oad and at i r h ql p fy? ke pe ner fested n 
tension 
° 
| MAXIMUM LOAD 
| NOMINAL STRESS 32 
| Uy~ TRUE RESS > 
NUMBERS ADJACENT TO POINTS Ww ATE TEST TEMPERATURE wf 
12000 / 
229 
, 
. 
22 
8000 Ld 4 
7 8 Sys 
300 wei2 
. 
Soue »* 609500 , 
400 3 
40000 aco 
ody 
20000 } 209 . 
| - 
po ,s 
ol heen 
o 0.2 0.3 0.4 0.5 
STRAIN LOG, Ao a 
URE 7 Relation of the nominal and of the true stresses at 
marimum load to true strain of high-purity nickel specimens 


fractured 


n tension at different temperatures 





stress at complete fracture to true 
specimens tested in tension at 





r 


Fiaure 9. High-purity nickel specimens fractured in tension at different temperatures. X .75. 
A, 88° F; B, 300° F; C, 500° F; D, 600° F; E, 700° F; F, 800° F; G, 900° F; H, 1,000° F; I, 1,200° F; J, 1,500° F 


316 





Ficure 10. Fractured cross sections of high-purity nickel specimens tested in tension at different 
temperatures , 


A, 88°F; B, 600° F; C, 700° F; D, 800° F; E, 900° F; F, 1,000° F; G, 1,200° F; H, 1,500° ¥ 





At 


we 





3.2. Effect of Temperature on Strength 


stress ° 


and the nominal 
tensile strength decreased rapidly 


tJoth the true stress 
at maximum load 
as the temperature was increased from —320° F to 
room rapidly with furthes 
temperature to about 500 ir fig. 2 thereafter 
both curves (f’, and / again rapid 
decrease as the temperature of testing was increased 
ip to 1500 Kr The general trend for the vield 


and less mecrease mn 


showed a 


strength (curve Y) to decrease with an increase in 
test temperature was reversed when the temperature 
was within the range of about 80° to 300° F As 


the temperature was increased from 80° to about 
00° F, the vield strength-temperature curve sloped 
again descending with a further in- 


upward before 
expected all 


cereus in temperature As is to be 
of the curves representing strength-tempera- 
value at the 


thre« 
ture relations approached a common 
hirhest test temperature of 1,500 kK 
Reversals are also evident in the slope of the 
curve of the true stress at complete fracture versus 
3, curve R However, the fracture 
range of about 250,000 to 
from 20° to 


temperature (hg 
values were within the 
190,000 psi for test temperatures 

1,.000° F. There was a considerable drop in the 
strength at complete fracture when the test tem- 
perature was increased from 1,000° to 1,200° F 

The evidence indicates that fracture commenced 
ator near the longitudinal axis of each specimen (see 
footnote 1) and then progressed outward to the sur- 
face accompanied by appreciable “necking”. Due 
to the “rim effect’’ the stress at complete fracture, 
therefore, is considerably higher than the correspond- 
ing stress at start of fracture. The rim effect and 
degree of necking varied with the test temperature 
see photographs of fractured specimens given in 
figs. 9 and 10). The true stress at the beginning of 
fracture was determined only for temperatures rang- 
ing from —320° to +212° F. The results (fig. 3, 
curve R,) show that the strength decreased continu 
ously with an increase in temperature 

The load on the specimen at the beginning of frac 
ture decreased continuously as the temperature in 
creased (fig. 4, curve Le It is of interest to note 
that the load approached zero in value for the spect- 
mens tested at 1,200° and 1,500° F. This means that 
each of these two specimens necked down to nearly a 
point before fracturing (figs. 9, 7 and J; fig. 10, @ and 
/1). An indication of this tendency to neck, and the 
accompanying work-hardening and recovery charac- 
teristic for the region of plastic deformation extend- 
ing from that corresponding to the maximum load to 
the beginning of fracture as affected by temperature 
is given by the course of the curve Ly — L» in figure 4. 
Except for the nearly horizontal position of this 
curve for temperatures within the range from about 
212° to 600° F, the loads decreased continuously as 
the temperature increased 


The value for true stress is based upon the current cross-sectional area of the 


specimen 
The value for nominal stress based upon the original cross sectional area of 


the specimen 





3.3. Effect of Temperature on Ductility 


The general trend was for both the plastic ext: 
and reduction of area at maximum load to de 
with increase in temperature (fig. 5). How: 
definite breaks in the downward trend are evide: 
the curves as the temperature of testing was iner 
from about 80° to 212° F and from about 60+ 
700° F. In the former range the ductility iner 
with increase in temperature, whereas in the |; 
this effect was reversed 

The plastic extension at complete fracture-ten 
ature curve also showed a decided break in its di 
ward slope as the temperature increased from 8\ 
212° F. The extension attained the minimum \ 
atabout 500° F. Thereafter, the extension iner 
with test temperature up to about 1,000° F, dro, 
markedly as the temperature was increased to 1,2 
KF, and then again increased with the temperat 
The course of the curve of reduction of area at 
ture versus temperature shows that the reduction of 
area increased relatively rapidly as the temperat 
increased from about —320° to 80° F and from 90 
to 1,200° F At test temperatures between thes 
two ranges, the reduction of area increased onl) 
slightly with an increase in temperature. The 
duction of area at 1,200° and 1,500° F attained » 
value of nearly 100 percent A noteworthy feat 
is the high ductility in tension of nickel at test ter 
peratures ranging from —320° F (liquid nitrogen) to 

1,500° F. The high ductility at low temperatures 
is characteristic of face-centered cubic metals, such as 
nickel and copper 

The curve of true strain ? at maximum load versus 
temperature (U, fig. 6) shows a continuous slightly 
downward course as the test temperature is increased 
from —320° to +1,500° F. The curve, 2, represent 
ing the relation between true strain at complete fra 
ture and test temperature indicates deviation fron 
the steady upward trend occurring at temperatures 
of about 0° to 300° F and 500° to 700° F; the co 
ditions are similar to those already described fo 
plastic extension and reduction of area-temperat 


curves of figure 5. 
3.4. Relation of Strength to True Strain 


The relation between both the nominal stress an 
true stress at maximum load and the true strain as 
affected by temperature is shown by the curves U a 
U,, respectively, in figure 7. The two curves 
somewhat similar in shape, and discontinuities 
evident for values of strains within the ranges 
about 0.25 to 0.3 and 0.32 to 0.37. Irregularities 
also observed in the course of the curve of true stress 
at fracture versus true strain (fig. 8). The form of 
this curve is affected by the variations in the degre: 
necking and the rim formation accompanying 
formation from beginning to complete fracture (figs 
9 and 10) of the specimens tested at the different 


f 


s defined as the natural logarithm of the ratio of the initia 
i the specimen to its current cross-sectional area (4 


’ True strain 
sectional area (. 1» 
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temperatures In the plastic deformation 
inge from maximum load to complete fracture, all 
specimens contracted locally, but the contour of 
he neck varied with the temperature (fig. 11 In 
tain specimens (600° F), the necking was confined 
ncipally to the region of complete fracture, whereas 
ther specimens (1,500° F) contracted more uni- 
ly throughout the entire gage length 
\n indication of the reproducibility of the strength 
d ductility values at room temperature and at 
212° F for the two bars processed alike from the 
ime heat is given by the results summarized in 
le 1. Although the two series of tests were made 
different times, by different operators, and the 
pecimens were prepared from different bars (B and 
('), the respective values for strength and ductility 
creed closely 
Some of the irregularities observed in the tempera- 
ture-tensile-properties curves can be partly attrib- 
ited to metallurgical @hanges in the nickel. Strain 
ng occurred in the specimens tested in the tem- 
erature range of about 80° to 300° F and attained 
maximum in the upper part of this range. The 
temperature and degree of strain aging are affected 
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high-purity nickel (Curie point) occurs at a tempera- 
ture of about 665 FF The present results also 
show certain distinct and abnormal changes in some 
tensile properties of specimens tested in the tempera- 
ture range of about 500° to 700° F This range is 
appreciably below that of recry stallization, and an 
examination of the microstructure of specimens frac- 
tured at 1,000° F or below showed no evidence of 
recovery fig. 13, A, B, C, and PD); the hardness test 
made on the specimen after fracturing at 1,000° F 
indicated that some recovery (softening) occurred at 
this temperature (fig. 14 However, recrystalliza- 
tion was evident in the specimen tested at 1,200° F 
fig. 13, &), and recrystallization and some grain 
growth occurred in the specimen fractured at 1,500 
F (fig. 13, F Some twins are evident in the re- 
ery stallized structure of the specimen tested at 1,500° F 
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3.5. Relation of Plastic Deformation to Hardness 


The effect of plastic deformation and recovery at 
different temperatures on hardness at room tempera- 
ture of the fractured specimens is given by the results 
plotted in figures 14 and 15. The general trend was 
for the hardness at room temperature to decrease 
slightly with increase in distance from the fracture 
(decrease in reduction of area) for each specimen 
fractured in the range of 88° to 1,000° F. The hard- 
ness measurements indicate that the work-hardening 
and recovery characteristics were quite similar for 
specimens tested in the range from 88° to 700° F, 
and the degrees of recovery increased (hardness de- 
creased) with increase in test temperature from 800° 





| 
| 
| 


specimens tested in 


to 1,000° F Appreciable recovery occurred in 
specimens tested at 1,200 1.500° F. This 
to be expected, because, as previously pointed o 


and 


both temperatures are sufficiently high for reerysta 
metal. T! 


lization of the plastically deformed 
lower hardness values for the specimen 
1,500° F can be attributed to the higher degre 
recovery and increase in grain size. The hard: 
of the specimen fractured at 1,500° F decreased w 


tested 


an increase in plastic deformation or with decreas 


in distance from the fracture end. Furthermore, 
hardness, measured at room temperature, of 
specimen fractured at 1,200° F did not materi 
ales over the gage length corresponding 
range in reduction of area from 35 to 75 per 
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Figure 14 Relation of hardness at room temperature to dis- 

nee from fracture of high-purity nickel specimens tested in 


ension at different lem peratures 


Hardness of the annealed nicke! before testing in tension was Rockwell B 32 


|.0 to 0.2 in., respectively, from fracture end). The 

hardness of this plastically deformed specimen (Rock- 
well B 52), however, was appreciably higher than 
that of the annealed nickel (Rockwell B 32). Hard- 
ness induced by plastic deformation was even evident 
in a part of the recrystallized specimen that was de- 
formed at 1,500° F. However, above 65-percent 
reduction of area its hardness was either equivalent 
to or below that of the originally annealed nickel 


4. Summary 


Tensile tests were made at temperatures ranging 
from —320° to +1,500° F on specimens containing 
99.85 percent of nickel in the annealed condition. 
The results are summarized in the figures given in 
the report 

The general trends were for the yield and tensile 
strengths and the ductility at maximum load to de- 
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Fiagure 15 Effect of deforming high-purity nickel in tension 
al diffe rent temperatures on the hardness at room te m perature 


Hardness of the annealed nickel before testing in tension was Rockwell B 32 


crease, and the reduction of area (at complete frac- 
ture) to increase with an increase in test temperature. 
The elongation at complete fracture attained a mini- 
mum at about 500° F. However, irregularities were 
observed in the usual trends of some of the tensile 
properties-temperature relations at test temperatures 
in the ranges of about 80° to 300° F and 500° to 
700° F. The evidence indicated that strain aging 
occurred in the range 80° to 300° F and that recrystal- 
lization and recovery predominated in specimens 
fractured at 1,200° or 1,500° F. 


The authors gratefully acknowledge the assistance 
of C. R. Johnson and J. H. Darr in making the ten- 
sion tests at elevated temperatures and of G. W. Geil 
and N. L. Carwile in making the tests at sub-zero 
temperatures. 


Wasninoton, February 5, 1952. 
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Thiophosphation of 2-Methyl-2-Nitro-l-Propanol and tl 
Preparation of Monothiophosphoric Acid 


J. V. Karabinos, R. A. Paulson, and W. H. Smith 


rhe thiophosphation of a1 
When 2-methyl-2-nitro-1-propano 
Trespotr ding dithiophosphat« was formed 


} 


of the secondary dithiophosp 


acid was also isolated from the latter reaction 
ithiophosphat« Monothiophosphoric acid monohvdrate itself was obtained, for the 
first time, by application of ion-exchange and lvophilizing techniques to its pyridine salt 


l. Introduction 
The reaction of phosphorus pentasulfide with 
oryvante hvdrox, compounds reportedly 1 to 4} 
vields secondary dithiophosphates (1 


RO).POS)SsH I 


An extension of this reaction to a nitroaleohol ts 
described. When 2-methyl-2-nitro-l-propanol was 
refluxed with phosphorus pentasulfide in ethyl ether 
a product melting at 104° C was obtained that gave 
elemental analyses and a molecular-weight value 
corresponding to O,O’-bis(2-methvl-2-nitro propyvl- 
dithiophosphate (11 


CH S CH 
CH ( CH Oo—P—O—CH ( CH I! 
NO Sil NO 


Phosphorus pentasulfide in pyridine solution has 
been recently reported [5] to give thiation of certain 
pyridones In a study of the action of phosphorus 
pentasulfide on 2-methyl-2-nitro-l-propanol in pyri- 
dine solution at the Bureau, a vellow, extremely 
hygroscopic substance crystallized directly from the 
pyridine solution; this substance gave elemental 
analvses corresponding to Cee N PS Il] | pon 
standing exposed to the atmosphere, substance III 
took up moisture with considerable foaming and 
evolution of hydrogen sulfide and, in a relatively 
short time, a colorless solution was obtained, from 
which white cube-like crystals appeared. After 
purification, the latter substance (IV) gave analyses 
corresponding to C;H,O,NSP. Substance IV liber- 
ated pyridine under alkaline conditions, and hydro- 
gen sulfide with dilute acids. <A positive sulfhydryl 
test was given by III, although not by IV. Sub- 
stances IIL and IV are probably pyridinium salts, 
the former a salt of,pyridine with metatrithiosphoric 
acid, HPS,, a thioanalog of metaphosphoric acid, 
and the latter a pyridine salt of monothiophosphoric 
acid, H,PSO This latter acid, a monothio analog 
of phosphoric acid, could arise from HPS, by hy- 
drolysis, with the liberation of hydrogen sulfide 


| was refluxed with phosphorus pentasulfide in ether, the 
n pyridine solution, however, a pyridine salt 


ate was formed 


troaleohol was studied in ether and in pyridine solutior i 


} 


\ pyridine salt of metatrithophosphoric 
and this salt was hydrolyzed to pyridinium 


HPS; + 3H,0--H,PSO, + 2H,S 


The formuias for the pyridinium salts II] and 
mav be represented as follows 

C;HsN).HPS II CH N-H,PSO,,. 1\ 
It is possible that substance II], rather than ph 
phorus pentasulfide, acts as the thiating agent 
pyridine solution [5]. 

From the mother liquors obtained by the reactior 
of phosphorus pentasulfide with the nitroaleohol in 
pyridine solution, still another crystalline substance 
was obtained ; this substance melted at 103° to 104° ( 
and gave analyses corresponding to the formula 
Cy3H»ON;3S.P (V As pyridine was obtained up¢ 
the addition of alkali to V and hydrogen sulfide was 
liberated in acidic solution, V was suspected of being 
a pyridinium salt of O,O’-bis(2-methyl-2-nitro 
propyl-)dithiophosphoric acid. 





NO SH NO 


This was confirmed by the isolation of the secondary 
dithiophosphate (11) from the eluate upon removal 
of pyridine with a cation exchange resin. 

The over-all equations for the action of phosphorus 
pentasulfide on 2-methyl-2-nitro-1-propanol in py: 
dine solution may be expressed as follows: 


CH 

2C H;—( CH,OH+P,8 excess) C,;H;N —-— 
NO 
CH Ss CH 


C;HsN),HPS 


In a similar manner monothiophosphoric a 
H;PSO;, was isolated from its pyridinium salt (1" 
by removal of the py ridine with the cation excha! 
resin, Amberlite IR-100-H, followed by lyophilizat 
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of the eluate 
sulfur and phosphorus analyses and a neutrali- 
nm equivalent corresponding to a monohydrate, 


eeze-drying”’ The sirupy product 


h was relatively stable at 20 c;. although it 
imposed slow ly at room temperature, as reported 
he early literature |6] 


2. Experimental Details 


1. Reaction of 2-Methyl-2-Nitro-1-Propanol with 
Phosphorus Pentasulfide in Ethyl Ether 


()’-Bis(2-methyl-2-nitro-propyl-) Dithiophosphate 
(II 
lo 30 ¢ of 2-methyl-2-nitro-1-propanol dissolved 
50 ml of ethyl ether was added 30 g of phosphorus 
tasulfide, and the mixture was maintained at 
lux for 16 hrs. The white, fluffy needles that had 
\ med in good yield were collected by filtration and 
dina vacuum desiccator After several recrys- 
lizations from ether, a product with a constant 
lting point of 103.8° to 104° C was obtained. The 
stance, unlike the original nitroaleohol, was insol- 
bad le in water, and purification could also be effected 
aqueous extraction 
Calculated for CQH,-0O,N.S.P: C 


lnalysis: , 29.91; 





m H, 5.16; S, 19.29; P, 9.32; Molecular Weight, 332. 
in Found: C, 29.01; H, 5:10; 5, 19.70; P, 9.26; molee- 
C r Weight (Rast), 322. 
2.2. Reaction of 2-Methyl-2-Nitro-1-Propanol with 
~ Phosphorus Pentasulfide in Pyridine 
Aye a. Pyridine Salt of Metatrithiophosphoric Acid 
0 
Phosphorus pentasulfide (25 g) was dissolved in 
0 ml of pyridine containing 12 g of 2-methyl-2- 
tro-l-propanol, and the mixture was refluxed for 
hrs. Upon cooling the solution, yellow prisms 
! an crystallizing; the process was allowed to con- 
tinue overnight. The crystalline product was col- 
ected by filtration, washed with ethyl ether, and 
ry ried in a vacuum desiccator for several days. The 
uv veight of product (29 ¢ corresponded to a theoret- 


il vield of 90 percent. The substance was stable in 
is i desiccator but decomposed rapidly when exposed 
\- to atmospheric moisture. It gave a positive sulf- 

hydryl test with nitroprusside reagent and melted in 
the neighborhood of 90° to 100° C, although the 
elting point was not at all well defined because of 


foaming and the hygroscopic character of the 
ibstance 

lnalysis. 
H, 3.87; P, 10.82; S, 33.59 


-P, 10.80: S, 33.70. 


Calculated for C\)H,,NePS3: C, 41.94; 
Found: & 1] Q5: H. 


b. Pyridine Salt of O,O'-Bis (2-Methyl-2-Nitro-Propyl-) 
Dithiophosphate (V) 


lhe mother liquor from which the pyridine salt of 
letatrithiophosphoric acid (IIT) was obtained was 
sured into 500 ml of water, and a small amount of 
ecipitated sulfur was removed by filtration. The 
ar solution was then concentrated to a crystalline 
n sidue in a current of dry air, and the crystals were 


\ 


extracted with a small amount of water, collected by 
filtration, and dried. The crude pyridine salt of 
0,0’-bis(2-methyl-2-nitro-propyl-) dithiophosphate 
(V) weighing 15 g¢g was purified for analyses by 
recrystallization from dioxane-ether (1:1) and finally 
from ethanol-ether (1:1); mp, 103° to 104° C 

Analysis: Calculated for C);sH»OgNsS.P: C, 95; 
H. 5.39: S, 15.58: P. 7.53. Found: C, 38.25: H, 
5.40: S, 55 


15.98; P, 7.55. 


c. Isolation of O,O’-Bis (2-Methy]-2-Nitro-Propyl-) 
Dithiophosphate (II) From Its Pyridine Salt (V) 


Five milliliters of an aqueous soiution containing 
0.5 ¢ of the pyridine salt (V) was passed through a 
column (1.0 by 10 em) of Amberlite IR-100-H, 
analytical grade, and a sufficient volume of distilled 
water was then passed through the column to elute 
the dithiophosphate. The eluate was concentrated 
in a current of dry air to a high vield of ervstalline 
residue, which was purified by recrystallization from 
ethyl ether. The product melted sharply at 104° C 
and showed no melting-point depression upon 
admixture with the O,O’-bis(2-methyl-2-nitro-pro- 
pyl-)dithiophosphate prepared in ether soiution. 


d. Hydrolysis of Pyridinium Metatrithiophosphate (III) 
Pyridine Salt of Monothiophosphoric Acid (IV) 


Although hydrolysis of III could be effected by 
atmospheric moisture, 4.2 g of pyridinium metatri- 
thiophosphate was dissolved in 3 ml of water. 
Vigorous evolution of gas occurred, and the odor of 
hydrogen sulfide was pronounced. After the solu- 
tion had stood for 1 hr, the excess moisture was 
removed in a current of dry air, and the resultant 
sirup began to crystallize Crvstallization was 
hastened by addition of small amounts of ethanol. 
The cube-like crvstals were collected by filtration 
and dried in vacuo. The product weighed 2 
corresponding to 71 percent of the theoretical yield. 
The product was recrystallized from 95-percent 
ethanol for analvsis. It did not give a sulfhydryl 
test, although it liberated pyridine on treatment 
with dilute alkali and hydrogen sulfide upon the 
addition of dilute acids. The purified pyridinium 
monothiophosphate melted at 116° C with evolu- 
tion of gas 

Analysis: Calculated for C;H.O,NPS: C, 31.92; 
H, 4.17; P, 16.04; 5, 16.60. Found: C, 31.95; H, 
4.43; P, 15.92; 5, 16.89 


or 


2.3. Preparation of Monothiophosphoric Acid 
Monohydrate 


A solution containing 1.g of pyridinium mono- 
thiophosphate in 3 ml of water was passed through a 
column (1.4 by 40 em) of cation exchange resin, 
Amberlite IR-100—-H, analytical grade, and a suffi- 
cient volume of distilled water was added to elute 
the free acid. The acidic portion of the effluent 
was collected in a flask, surrounded by an ice bath, 
and the cooled filtrate was lvophilized. A_ theo- 
retical vield of thick, sirupy acid was obtained, 
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Although the acid was hygroscopic and had an odor 
resembling hydrogen sulfide, it was quite stable at 

20° C, as indicated by the analysis corresponding 
to monothiophosphoric acid monohydrate 


Analysis: Caleulated for H,PSO,-H,O: S, 24.27; 
P. 23.46: N. E., 132. Found: S, 24.26; P, 22.93; 
N. E., 130, 129 


Monothiophosphoric acid monohydrate 
sulfur analysis of 24.26 percent after standing at 

20° C for 1 week and 24.23 percent after 2 weeks 
However, when a sample was allowed to stand at 
30° in a glass-stoppered vial, in a desiccator, the 
sulfur value decreased to 11.54 percent after 1 week, 
and the phosphorus value increased to 25.54 percent 
These analyses, in addition to the pronounced odor 
sulfide, indicated that the acid was 


gave a 


of hvdrogen 


decomposing to phosphoric acid monohvdrat: 
hvdrogen sulfide, as reported in the early liter: 
[6] 
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Changes in an Original and Activated Bentonite’ 


Juan de Dios Lopez-Gonzalez’* and Victor R. Deitz 


The physical adsorption of nitrogen was used to study a bentonite activated by a treat- 
ment with hydrochloric acid. The Brunauer-Emmett-Teller equation, the Hiittig equation, 
and a so-called ‘“‘summation’’ equation were used in the calculation of the surface areas 
available to nitrogen. The changes in surface area at different temperatures have been 
related to the quantity of adsorbed water and the amount of constitutional hydroxyl groups 
The surface area is a measure of only the external boundary (nonswelling surface) of the 
bentonite, and this is increased significantly by the activation process. The ratio of surface 
areas (activated to original) is about four. A maximum in the surface area was found to 
exist when all of the adsorbed water was eliminated. However, the surface area decreased 
with the removal of water formed by decomposition of the constitutional hydroxyl groups. 





Chemical analyses, dehydration curves, thermal differential analyses, 


X-ray patterns, and 


electron micrographs were employed to characterize the materials. 


1. Introduction 


Bentonite [1] * is generally defined as a rock that 

tains 75 percent or more of the crystalline clay- 

« minerals montmorillonite or beidellite [2 to 7] 
he proportions of impurities in samples from many 
locations have been studied by Ross and Hend- 
ricks [4]. The minerals of this group show a wide 
variability in chemical composition, but there is very 
little change in the crystalline structure as shown by 
Werry, Ross, and Kerr [9], Gruner [10], Marshall [11], 
Holzner [12], Kelley and Jenny [13], ete. The unique 
behavior of bentonite is evident from the number of 
specific properties that have been related to its 
crystal structure [6, 8, 9]. 

\cid treatments of bentonites significantly change 
some of the specific properties of interest in industrial 
If the acid is at relatively low concentra- 
tion (about 0.1 to 0.01 N), the exchangeable cations 
are replaced by hydrogen ions. If the acid con- 
centration is increased, there is a partial chemical 
solution of the crystal structure. The extent of the 
dissolving action depends upon the concentration 
and nature of the acid, temperature, reaction time, 
and the ratio of the two reactants. 

The decolorizing action and the efficiency of many 
clay-cracking catalysts, which generally have very 
specific properties, increase in general with the 
amount of hydrogen ions present on the surface [14]. 
Recent studies [15] have shown that the catalytic 
action of silica-alumina gels can also be related to 
the hydrogen ions present on the surface. Small 
amounts of basic compounds (calcium, potassium, 
nitrogen, ete.) have a poisoning influence on the 
racking activity of catalysts. Mills, Boedeker, and 
Oblad [16] assume that the “active hydrogen ions’’ 
are eliminated from the catalyst during cracking, 

das a result the cracking activity is decreased. 

Water contained in bentonites also plays a very 

portant role in their adsorbent properties in non- 

jueous media. This water, generally determined 


processes, 


nvestigation was sponsored as a joint research project undertaken by 
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by loss of weight after heat treatments, is in part 
adsorbed water and in part due to the decomposition 
of the constitutional hydroxyl groups [18, 19]. Both 
forms, when retained in the bentonite, play an im- 
portant role in the surface activity. For example, 
the amount of the dye, Red Sudan B, adsorbed by 
bentonites from benzene solutions was shown by 
Castro and Gonzalez [17] to change notably with 
moisture content. 

In view of the aforementioned adsorption prop- 
erties of bentonite, it was considered of interest to 
measure the changes in surface area brought about 
by a treatment with hydrochloric acid and to ascer- 
tain the influence of the residual water on the total 
surface. The acid treatment of the bentonite is 
first described. The original material and the prod- 
uct formed were characterized briefly by chemical 
and physical-chemical methods in current use. The 
data for the adsorption of nitrogen at liquid-nitrogen 
temperature are then presented and these results 
correlated with surface area and the probable struc- 
ture of the acid-treated bentonite. 


2. Acid Activation of the Bentonite Sample 
2.1. Preparation 


A commercial sample of bentonite * was passed 


through a U. 8. No. 140 sieve in order to eliminate 
particles greater than about 0.1 mm in diameter. 
Five hundred grams of this bentonite were refluxed 
with 5 liters of hydrochloric acid (10% by weight) 
for 2 hours. The acid-treated bentonite was 
washed with distilled water until the wash water 
was free from chloride ions, and the final product 
was dried for about 40 hours at 105° C and kept in 
a desiccator. It has been previously shown [17] 
that a bentonite treated by this method had the 
highest adsorptive capacity for the dye Red Sudan 
B when the concentration of the acid used for acti- 
vation was about 10 percent by weight. At the 
lower or higher acid concentrations, a product of less 
adsorptive capacity was formed. 

k, Miss 


‘ Identified as a southern bentonite (Panther Cree 
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2.2. Chemical Composition 


The chemical composition of the bentonite was 
determined before and after the acid treatment The 
components removed were determined in the filtrate 
after acid treatment The results, given in table 1, 
show that a large part of the aluminum, iron, and 
magnesium in the original erystal structure was 
removed All calcium ions were removed, as was to 
be expected, because it is a readily exchangeable 
cation The silica originally combined with the 
cations removed was practically insoluble in the 
hvdrochloric acid solution and remained in the 
s known that the ervstalline 


residual material It 
forms of silica are not appreciably soluble under 
treatment with sodium carbonate [20]. Therefore, 
the nonervstalline silica was determined as follows 
| vy of the residual material was treated with 100 ml 
of water containing 5 ¢ of sodium carbonate and 


boiled for 5 minutes; the filtrate was analyzed for 
siliea 
Pants | cf ! 
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The amount of ‘“nonervstalline silica that is, 


silica soluble in a boiling 5-percent solution of sodium 
carbonate, was very small (0.84°%) in the original 
bentonite but was large (30.10) in the acid-treated 
material, Apparently, by removing the aluminum, 
iron, and magnesium, the original silicate is con- 
verted into some amorphous form of silica. Table 
| shows that the ignition loss is smaller in the acid- 
treated material. The latter will henceforth be 
designated as the “activated material 


2.3. Dehydration Curves 


The curves in figure 1 were obtained bv the 
method of Kelley, et al. [19,21]. The loss in weight 
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of the sample on heating was attributed to the 

of moisture. Both graphs were characterized b 
definite change in curvature, beginning at about 
300°C Above 550°C the amount of water remoy 
changed only slightly with increase of temperat 
The similarity in the shapes of the two curves 
indicates that the activated material has a structu 
similar to that of unactivated bentonite. The brea 





in the curves at 300°C correspond to a water loss 
of approximately 4.2 percent and 2.8 percent in th 
original and activated samples, respectively. Thes 
figures were calculated with respect to the final 
weight of the sample after heating to 850°C \ 


cording to many other investigators, these valu 
correspond to the water formed in the decompos 
tion of hydroxyl groups in the bentonite Ther 
fore, the activated product on this basis would cor 
tain only two-thirds of the constitutional hydro 
groups contained in the original bentonite 


2.4. Differential Thermal Analysis 


Figure 2 shows differential thermal analyses 
the original and activated samples.* These results 
represent the rate of heating a sample as compa 
with a sample of indifferent material recorded as a 
function of the temperatures at which differences 
the rates of heating occur [22]. Two principa 
minima were observed, one near 200° and the ot! 
near 700° C. The depths of the minima are sn 
in the activated bentonite. Apparently, the a 
sorbed water is retained more weakly in the acti 
material than in the original bentonite 
slight minimum at 690° C for the activated materia 
indicates the removal of a large part of constitutional 
hydroxyl groups as a result of the acid actiy 





The 


process, 
he authors ar lebted to FE. 8. Newmar he Bureau for the expe 


result 


326 











NTENSITY 


vE 


RELAT 











: — 
/ - een, , 
Vv 
\ 
, 
/ 
200 400 ooo 800 00 
TEMPERATURE, °C 
2 Differential thermal analysis curves of the o ginal 
ind activated hentonite 





2.5. X-Ray Diffraction 


7 were taken of the ori- 


X-ray diffraction patterns 
350° C and of 


ginal bentonite after it was heated at 
the acid-activated material after it was heated at 
250° C. These are given in figure 3. The X-ray 
diffraction patterns of the resulting material showed 
a great intensity for the (AkO) reflections when 
compared with the (00/) reflections. This indicates 
that the bentonite heated to 350° had a poor crys- 
tallographic development in the direction of the e- 
axis, 

In the activated material, beated only at 250° C 
a total destruction of the reflections was 
observed This could indicate a total destruction 
of the montmorillonitic structure by the acid 
treatment. Previous work [33] has shown that a 
heat treatment of bentonite at 250° C produces only 
minor changes in structure when compared with 
that produced by the acid treatment. However, 
the persistence of the (hkO) reflections in the activated 
bentonite indicates that the planar arrangement 
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with respect to ¢ axis is poor, and the destruction of 
relatively few layers in each crystal is enough to 
show an apparent total disorder with respect to 
basal reflections. This disorder can be attributed 
to the presence of the residual non-crystalline 
silica between the layers of the montmorillonite 
X-ray diffraction patterns showed that the struc 
ture of both original bentonite and activated material 
changed completely when heated at 850° C 


2.6 Electron-microscope pictures 


Samples of the original bentonite and activated 
material were prepared for electron micrographs 
with butyl aleohol as a dispersing agent, after prac- 
tically complete removal of the adsorbed water 
The micrographs do not show differences between 
the two samples, either in particle shape or in size 
This indicates that the nonerystalline silica, formed 
by the action of hydrochloric acid, remains between 
the residual layers of the bentonite where it cannot 
be detected 


3. Adsorption of Nitrogen and the 
Calculation of V,,, 


3.1. Data 


The adsorption isotherms of nitrogen at 195° C 
were determined with a conventional B. E. T. ap- 
paratus [23]. The temperature of the liquid ni- 
trogen was ascertained by means of a nitrogen 
vapor pressure thermometer. The results for the 
original bentonite are given in table 2 and those for 
the activated bentonite in table 3. Samples were 
evacuated before the adsorption measurements for 
periods of 18 hours at each of the following tem- 
peratures: 110°, 250°, 350°, and 450° C. Other 
samples contained in porcelain dishes were heated at 
550°, 650°, 750°, and 850° C in an electric furnace 
These were transferred to the adsorption apparatus 
and evacuated for 18 hours at 450° C before the 
adsorption measurements. Desorption measure- 
ments were also made in a number of cases 

In order to adsorb nitrogen in the presence of 
large amounts of water in the bentonite, fresh 
samples were exposed to water vapor, placed in the 
adsorption bulb, and then evacuated at either 

78° of 25° C for a period of 45 minutes. The 
samples were then cooled to — 195° C for the nitrogen 
adsorption measurements. A portion of the wet 
sample was analysed for moisture content 

Typical adsorption isotherms are given in figure 4 
These correspond to the type II isotherms of Bru- 
123). In all cases the activated 


nauer’s classification 

bentonite (curves 1’, 2’, 3°, 4°) adsorbed more nitro- 
gen than the original (curves 1, 2, 3, 4) after com- 
parable evacuation temperatures, The desorption 
experiments indicated that hysteresis phenomena 
were rather small with the original bentonite but 
were greater in the activated material, in agreement 
with its greater content of particle voids. The 
volume of gas adsorbed at a given pressure increased 
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rE 4 Adsor ption isotherms of nitrogen at 195° C on the 
ginal and activated bentonite, after evacuation at different 
numbers 1, 2, 3, and 4 correspond to the original 
, 650°, and 750° C, respectively; 
correspond to the activated bentonite 
, and 750° C, respectively 


mi pe ratures 


entonite evacuated at 25°, 110 
mbers vs , « 


>? 
wuated at 25°, 


3’, and 4’ 
110°, 6450 


3.2. Determination of V,, 


In current theories of physical adsorption, V,, is 
lefined as the volume of adsorbed gas, calculated at 
standard temperature and pressure (STP), which 
covers the available surface with a single layer of 
molecules. The value of V,, has been determined by 
ising a number of different equations for adsorption 
sotherms at 78° K. 

lhe free-surface isotherm for multimolecular ad- 

wption derived by Brunauer, Emmett, and Teller 
24| may be written according to eq 1: 


Pp l ,fe—l\ Pp 
V(po P) “ ~+(ov.) ». ) 


where p is the pressure in equilibrium with the ad- 
sorbent, pp the pressure in equilibrium with liquid 

trogen, V the volume of gas adsorbed, and ¢ 1s a 
constant related to the heat of adsorption. According 


to this equation a plot of p/[V(po—p)] as a function of | 


»'po should be a straight line. Actually, the required 
earity was observed only for values of p/po less 
an about 0.5 for the majority of isotherms. As an 
example, data are plotted in figure 5 for the case in 
vhich both samples of bentonite were evacuated at a 
temperature of 25° C preliminary to the measure- 

ents 

‘he isotherm proposed by Hiittig [25, 26] may be 
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Figure 5 Brunauer-Emmett-Teller linear plot for nitrogen 
adsorbed on the original and activated bentonite evacuated at 
25° Cain accordance with eq ] 
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Fiaure 6. Hiittig linear plot for adsorbed nitrogen on the 
original and activated bentonite evacuated at 25° C, 
ance with eq 2 


in accord- 


A straight line should be obtained when the left side 
of eq 2 is plotted as a function of p/p. When this 
equation was applied to the data for bentonite, the 
deviation from linearity was observed for values of 
p/ Po greater than about 0.4. A typical plot of these 
data is shown in figure 6. In general, the data do 
not conform to the Hiittig equation as well as they 
do to the B. E. T. equation. 

A simple relationship was observed that yielded a 
linear plot for values of p/p) as high as 0.8. This 
relation is obtained by adding eq | and 2 to give eq 3: 


p Po_ , Pot P I e—l/2\/ Pp] .. 
a= 5: > Po ] ev, +( cV. ) Po ) 


In this case a straight line is to be expected on plot- 
ting the left side of eq 3 as a function of p/p. A 
typical plot is given in figure 7. A straight line was 
obtained up toa value of P/ Po of 0.8 

It should be noted that the improved equation does 
not contain any constants other than those in the 
original B. E. T. theory. The fact that the straight- 
line relationship holds over a greater range of pressure 
is an advantage for the determination of the value of 
V... The fact that the adsorption data yields a 
straight line over a greater pressure range when 
plotted according to eq 3 is a necessary but not 
sufficient criterion for the correctness of the equation. 
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There are other important requirements for a theory 
. of multimolecular adsorption, but these will not be 
discussed in this papel 
. 
. 
4. Variation of V,, with Water Content of 
Bentonites 
2 Table 4 lists the values of \ when calculated 
G according to eq. 1, 2, and 3 and the corresponding 
Pasie 4 Values of V,, and surface areas of ginal and 
activated bentonite calculated by B. BE. T Hiittiq, and the 
proposed summation equation 
® Ve 
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* The surface area values are referred to samples dried at 11 Ca the cross 
sectional area of the adsorbed nitrogen molecule at of Lt 4 
* The theory of Hiittig for multimolecular adsorption, recent liscussed by 
Ross [26], Ferguson and Barret [27], and by Hiittig himself |28) has been critized 
Hill (201). He has shown that Hiittig’s equation cannot be obtained from the 
B. E. T. Model without violation of statistical thermodynamical principles 
Hill points out that the B. E. T. Model results in too low a free energy relative to 


und that Hiittig’s treatment leads to 4 free energy that is too high 
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the original and activated bentonite eva ited (10 dif 
temperatures, reduced to unit surface 
surface areas It can be seen that the result 


according to eq 3 [the “summation’’ equation] a 
always between those derived form the B. K. T. an 
Hiittig equations. The question arises as to which 
value gives the best approximation. For the pw 
poses of a surface area determination it may by 
noted that average deviation of the B.E.T. valu 
from that of the summation equation is usually less 
than 10 percent 

The value of V,, from eq 3 is intermediate betwee: 
the values from eq 1 and 2, as shown in table 4. The 
three equations were also applied to many different 
adsorbents (bone chars, graphon, silica gel, kaolin 
etc.), and the values of V,, were calculated. Th 
uncertainty in V,, due to the uncertainty in drawing 
the best straight line is small compared to the unc 
tainties in the packing of the nitrogen molecules in thy 
adsorbed layers. For comparing surface areas of th 
same type of materials, it is recommended that | 
for nitrogen be determined according to eq 3. 

In figure 8 is presented a plot of V’'V,, for all tt 
data as a function of p/po. The close superpositio! 
of the data is striking and demonstrates that | 
volumes adsorbed are directly proportional to 
surface area. 








4.1, Areas After Preliminary Temperature Treatment 


The temperature at which the initial evacuat 
of the sample was made has considerable influenc« 
the resulting surface area. This is shown gray 
cally in figure 9. In the case of the original bent 
ite, the surface area changed little when the temp: 
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vterial as a function of the temperature of evacuation 


of evacuation was between 100° and 500° C 
When higher temperatures were employed, the sur- 
iB urea declined steadily and reached a very small 

ilue at 850° C In contrast, the acid-treated 
tonite attained a maximum surface area of almost 
times the original area after heating at 250° to 


50° The maximum for the activated sample 
Was sensitive to temperature, and the area began to 
fall off appreciably at higher temperatures in the 


where there was little change in the area of the 
0 nal bentonite. 


4.2. Areas After Preliminary Water Addition 


The relations between the surface areas and the 
| moisture retained by the bentonites were 
tudied. Samples containing large quantities of 
oisture were obtained by exposure to water vapor 
in a closed container. Samples containing less 
moisture than that in the initial sample (dried to 
constant weight at 110° C) were prepared by a heat 
treatment at the elevated temperatures previously 
mentioned, 
lt has been noted that the adsorbed water in 
bentonite [21] may be considered to be expelled 
ompletely at about 350° C without any significant 
decomposition of the constitutional hydroxyl groups 
Therefore, when the moisture content was referred 
he constant weight of the samples at 350° C, it 
was possible to compare changes in surface area 
vith the quantity of adsorbed water, and with the 
extent of the decomposition of the constitutional 
vdroxyl groups. The results are plotted in figure 
The surface area of the original bentonite 
lecreased continuously with increase of adsorbed 
iter from a maximum of 89 to 1.6 m?/g; the latter 
ue is for a sample containing 30.6 percent of 
oisture (see curve A). Furthermore, the surface 
i decreased with loss of the water derived from 


decomposition of the constitutional hydroxyl | 
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groups to a minimum value of 0.22 m*/g (see curve B) 


realized after heating the sample at 850° C 

Similar behavior was found for the activated 
material. The surface area decreased from a maxi- 
mum of 320 to 16 m*/g at a moisture content of 47.4 
percent see curve A’ When the activated ma- 
terial was heated (to constant weight), there was a 
progressive loss in surface area, the area decreasing 
to 85 m?*/g¢ after heating to 850° C (see curve B’ 


5. Discussion and Concluding Remarks 


The acid treatment of the bentonite employed 
destroys a large part of its crystal structure by 
removing aluminum, magnesium, and iron. The 
chemical analyses, dehydration curves, differential 
thermal analyses, X-ray diffraction patterns, and 
electron microscope picture indicate that the acid- 
treated bentonite contains a part of the original 
montmorillonitic structure. 

After removal of aluminum, magnesium, and tron 
from the crystal structure, a residue of silica remains 
in the activated product From the X-ray patterns 
and electron microscope picture, it seems most 
probable that this nonerystalline silica remains 
chiefly between the residue ery stal layers and pro- 
produces a cry stalline disorder with respect to the c 
crystallographic axis. 

From the intensity of the (Ak0) reflections in the 
activated product, after heat treatment at 250°, it 
should be possible to estimate the amount of ben- 
tonite (after 350° C treatment) destroyed by the 
acid treatment, but the error in doing so is about 
25 percent, due to several factors that will not be 
discussed in this paper. It is important to observe 
that the absorption of X-rays by the noncrystalline 
silica formed in the acid treatment results in dimin- 
ished intensities of the reflections, and as a result 
could be interpreted as too low a percentage of 
residual montmorillonitic structure in the activated 
product. By comparison of the above-mentioned 
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reflections, and taking also into consideration the 
chemical analyses, dehydration curves, and differ- 
ential thermal analyses, it can be estimated that the 
residual montmorillonitic structure in the activated 
material is of the order of 50 to 70 percent. 

The surface area available to nitrogen at — 195° C 
of the original dried bentonite (85 to 90 m*/g) is only 
the external surface (nonswelling surface). This 
corresponds favorably with the theoretical value 
given by Dyal and Hendricks [31]. This value 
corresponds to only 10 percent of the total surface 
when dispersed into structural single layers, and it 
has been given by these authors and by Vivaldi [32] 
as about 880 m*/g. Therefore, nitrogen cannot be 
adsorbed to an appreciable extent between the 
swelling layers of the original bentonite containing 
moisture. 

The surface area of the activated material after 
elimination of the adsorbed water at 250° to 350° C 
is about 320 m*/g. This value is smaller than the 
total theoretical value of 880 m?/g for the montmoril- 
lonite dispersed into structural single layers. Ap- 
parently, the acid destroys part of the layers and 
creates an open structure, which, in the dried 
material, is available to nitrogen to a larger extent 
than in the original bentonite. 

The previous and the following considerations 
make it possible to suggest a simplified view of the 
reaction between the acid and the smallest particle 
of material having the properties of the bentonite. 
The crystalline particles of montmorillonite are com- 
posed of aggregates about 10 single structural layers. 


Let us assume thata particle of the final activated prod- | 
uct contains about 60 percent by weight of the benton- | 


ite, the acid attack having destroyed four out of ten 
layers (see fig. 11). In the residual structure, the 
crystal fragments A, B, and C do not necessarily have 
to be oriented parallel. The silica, produced during 
the acid attack, is insoluble and is retained in the 
residue, which now contains sufficiently large particle 
voids to permit the entrance of nitrogen into the 
spaces aand 6. Figure 11 shows that the area of the 


acid-treated material is three times that of the ben- | 


tonite, approximately 250 m?*/g. Taking into ac- 
count the loss in weight (20%) as a result of acid 
treatment, the surface area per gram of the residue 
is 320 m*/g. This compares favorably with that 
found experimentally (315 to 320 m?*/g). 

In practice, the process of acid attack is probably 
much more complicated. The destruction of the 
crystal layers must take place according to some 
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random distribution. The proposed simplified m, 
can also account for the observed desorption 
therms. The hysteresis observed for the activ; 
material is attributed to the formation of the s; 
particle voids such as a and 6 in figure 11. Hys 
esis was not appreciable in the original bento; 

The decrease in surface area with increas 
adsorbed water can be explained by an aggregat 
of the individual particles. This process wo 
explain the decrease in surface area of the bento; 
from 85 m*/g with no adsorbed water to 1.6 n 
with about 31 percent of water. The same effe: 
shown in the activated material, where the surf 
area decreases from 320 m?/g with no adsorbed w: 
to 16 m?/g with about 47 percent of adsorbed wa 
The larger amount of adsorbed water in the activa 
material can be anticipated in view of its “op 
structure. 

The maxima in surface areas were observed whey 
all the adsorbed water was removed, that is, at 250 
to 350° C. In the original bentonite, most of th: 
external surface was lost between 650° and 750° ( 
after the majority of the constitutional hydroxy! 
groups had been driven off. In the acid-treated 
bentonite the surface area decreased appreciably at 
a temperature where the original bentonite showed 
little change. This behavior suggests that the mor 
irregular structure of the activated material is less 
stable. 

It appears possible to select a temperture in the 
heat treatment of a sample at which only adsorbed 
water is removed. This fact is very important 
especially where acid-treated bentonite is to be used 
in applications that require the maximum in surface 
area. The heat treatment preliminary to use can be 
confined to temperatures where only adsorbed water 
is removed. These facts further emphasize the 
importance of temperature control when bentonite 
is heated in adsorbing and catalytic processes. 
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Probable mechanism for the acid attack on bentonite. 
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Arc Spectra of Gallium, Indium, and Thallium 
William F. Meggers and Robert J. Murphy 


The are spectra of gallium 


photographically in the octave 6500 


to 


indium, and thallium have been systematically investigated 
13000 


Angstroms The spectra were excited in 


direct-current ares and recorded on infrared sensitive photographic emulsions with a concave 


diffraction grating 22 feet in radius 


photographed in Ga 1, 35 lines in In 1, and 25 lines in T11. 
terms arising from the axial and orbital momenta of a single- 


as combinations of doublet 
valence electron The new 
to 12 for ns’8, from n=7 to 11 
Besides confirming many 


terms were found for each of th 


for 
to 7 


ose 


spectra, 


l. Introduction 


This research was inspired by the compilation of 
“Atomic energy levels as derived from the analyses 
of optical spectra” [1]." While compiling the data on 
gallium spectra, C. E. Moore noted that the first 
spectrum of gallium (Ga 1) was very incompletely in- 
vestigated. In particular, no Gat lines had been 
observed with wavelengths greater than 6414 A in 
the red, although two infrared lines (11904 and 
12096 A) were predicted in 1914 from spectral-series 
formulas [2]. These predicted infrared lines have 
now been recorded photographically, and, in addition, 
37 new Gat lines have been discovered. These ob- 
servations have led to revision and extension of the 
known atomic-energy levels as derived from the 
analysis of the Gai spectrum. 

Inspection of the published papers on In 1 and TI 1 
(analogues of Ga 1) indicated that these spectra also 
had not been adequately investigated photographi- 
cally in the region of longer waves. In 1938 Paschen 
[3] photographed the are spectrum of indium to 
9170 A, but the are spectrum of thallium had never 
been photographed beyond 6900 A, although Paschen 
[4] in 1909-10 observed TI lines from 8376.5 to 71170 
A with a bolometer. Excepting Paschen’s work on 
indium, the are spectra of gallium, indium, and thal- 
lium have not been investigated photographically for 
30 years, during which period infrared-sensitive emul- 
sions permitting observations to 13000 A have be- 
come available. Observations on these spectra in 
the octave 6500 to 13000 A are reported in the present 
paper; in each case they led to the discovery of new 
spectral lines and terms so that the atomic-energy 
levels of Gat, Int, and Tli are now essentially 
complete. 


2. Experimental Details 


A conventional direct-current are between copper 
electrodes was used for most of these experiments, 
but it was found necessary to employ also an arc at 
reduced pressure. The are was operated with an 
applied potential of 220 v, and the are current was 
rheostat regulated at 8 to 10 amp. The anode con- 
sisted of a cupped copper rod, }s in. in diameter, and 


Figures in brackets indicate the literature references at the end of this paper, 


data led to a revision of Gat terms, 
nd 22), and to the discovery of ni iF 
terms already 


| 


In the designated spectral range, 37 new lines were 


All the observed lines are explained 


and extension from n=9% 
terms from n ‘ 
two new nf?l 


known for Init and Tl1, 


the cathode was a copper rod \ in. in diameter. To 
observe the spectrum of gallium, indium, or thallium 
the anodic cup was filled with a sample to be inves- 
tigated. Liquid gallium was transferred from a vial 
to the cup with a platinum spoon, whereas pellets of 
indium or thallium were placed in the cup with 
tweezers. The arc in air was struck by drawing a 
graphite rod between the electrodes. 

Because the emulsions available for infrared pho- 
tography are rather insensitive compared with their 
response to violet light, success in recording spectra 
beyond 9000 A requires a bright source, ample sam- 
ple, and long exposure, in addition to an efficient 
spectrograph. For example, to record the TI 1 line 
at 13013 A required about 20 g of sample in a 10-amp 
are exposed for 5 hours, whereas the iron comparison 
spectrum was recorded in the third order of the same 
grating in 1 second! Unfortunately, these sourc« 
conditions produce spectral line images that are more 
or less hazy and asymmetrical, especially for red and 
infrared lines of Gat, Int, and Tl1. That this is 
due to collision broadening rather than Doppler 
effect. is shown by the fact that it is just as marked 
for Tl 1 as for Ga 1, although Tl atoms are three times 
as massive as Ga atoms. Furthermore, analysis 
shows that the lines in question invariably involve 
highly excited states of type-d or type-f electrons 
the transitions from type-p to type-s electrons always 
yield sharper lines. 

Attempts to sharpen the newly observed lines by 
exciting them in an are at reduced pressure were not 
wholly successful because sharpness and intensity are 
mutually exclusive in most light sources. Experi- 
ments were made with an enclosed arc [5] attached 
to a pump and pressure gage. When the residual air 
in the chamber was reduced to a few millimeters (Hg 
the lines of Gat, In 1, and Tl1 were sharp but faint, 
and mostly obscured by a strong background of N, 
O, and NO spectra. The sought lines are somewhat 
stronger when the pressure of residual air is 7 to 10 cm 
(Hg), but even then this source is too weak to photo- 
graph its lines beyond 9000 A with reasonable exp 
sure time. This source, providing a comprom) 
between intensity and sharpness of spectral lin 
could be used in this investigation only in the ran 
6400 to 8900 A, for which region photographic em 
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s are a hundredfold more sensitive than those 
d for longer waves. Without doubt, sharper lines 
ld be obtained from discharges at very low pres- 
e in a Paschen hollow cathode, but the present 

servations were restricted to the classical direct- 
rent are at atmospheric pressure or partial pres- 


spectrograms were made with the stigmatic con- 
grating previously described [6], except that 
th the grating and mirror were aluminized some 
rs ago. In its first-order spectrum this spectro- 
ph has a reciprocal dispersion of 10 A/mm, and 
used almost exclusively to photograph 
rared spectra on 2- by 10-in. plates embracing 
ivelength ranges of 2500 A. The range from 10500 
13000 A was photographed with Eastman I-Z 
ites, the range from 8500 to 11000 A with East- 
n I-Q plates, and the range from 6400 to 8900 A 
th Eastman I-N plates. The I-Z and I-Q plates 
ere hypersensitized by bathing for 2 minutes in 
2. to 7-percent solutions of ammonia in water; they 
ere then dried rapidly before loading in the spectro- 
aphic plate holder. 
\ dark-red-glass filter placed in front of the spee- 
trograph slit absorbed overlapping spectral orders 
when the first-order spectrum was being photo- 
graphed. Short portions of the slit were exposed to 
he iron are to provide standards for wavelength 
measurement. For the spectral ranges covered by 
|-Q and I-Z plates, iron standards were taken from 
the second-, third-, or fourth-order spectra, but for 
he range observed with I-N plates the iron com- 
spectrum was recorded in the same first 


Ss how 


parison 


der as the other spectra, a deep-vellow-glass filter 
being employed to absorb the overlapping spectral 


orders 
3. Results 


The wavelengths belonging to lines observed in 
the are spectra of gallium, indium, and thallium were 
calculated from linear measurements of the positions 
of these lines relative to standard lines in the iron 
spectrum, and then converted to first-order values 
{ the iron standards appeared in higher spectral 
orders. Because most of these lines were naturally 
hazy (/7) and shaded to longer (J) waves, it was 
isually impossible to specify the wavelength closer 
than +0.1 A, and small corrections due to slight 
departures from standard-air density were therefore 
neglected. 

Relative intensities of the observed lines were 
estimated from the spectrograms and adjusted 
somewhat to correct for obviously excessive esti- 
mates when lines happened to be on or near the peak 
of sensitivity of a particular photographic emulsion. 
These estimates have physical meaning for proximate 
lines but may be misleading when comparing the 
intensities of widely separated lines. An example 
of the latter is discussed under thallium. 

The results of this investigation are presented in 
two tables for each spectrum, the first gives the 
experimental data on wavelength, relative intensi- 
ties and line character, and spectral-term combina- 
tion, whereas the second table contains a complete 


list of the atomic-energy levels derived from the 
analyses of the optical spectra. In general, the 
Ga, Int, and Tl 1 spectra are structurally similar, 
each line represents a transition of a single electron, 
which, by virtue of its axial and orbital momenta, 
gives the atomic-energy levels grouped to form 
doublet spectral terms. The only exception is a 
‘P term observed in each of these spectra, 


3.1. Gallium 


The early history of gallium spectra is given in 
Kayser’s Handbuch der Spectroscopie {7}. Briefly, 
14 lines (2450 to 6414 A) reported by Exner and 
Haschek [8] in 1911 were arranged in three spectral 
series by Paschen and Meissner [2] in 1914. Uhler 
and Tanch [9] published for 23 are lines of Ga wave- 
lengths ranging from 2171.9 to 4172.048 A; Sawyer 
and Lang [10] added five lines (2607.47 to 2691.29 
A), which fix a *P term, and this is all that was known 
about the Gar spectrum to the present time. The 
present investigation more than doubles the total 
number of lines previously ascribed to Gat, and 
because the final list has rejected some lines and 
substituted others it is given complete in table 1. 
This list of Gat lines gives the best agreement with 
values calculated from established atomic energy 
levels displaved in table 2. We are indebted to 
C. E. Moore for selecting and adjusting these values 
of wavelengths and atomic-energy levels. 

Besides revising some earlier term values, the 
present observations of Gat lines have extended the 
series 5p*P°—ns?*S from n=9 to 12, the series 
5p*P°—nd*D from n=7 to 11, and revealed the 
series 4d *D—nf?F° from n=4 to 7, inclusive. The 
limit, 48380 em~', corresponds to an ionization po- 
tential of 5.997 ev, the energy required to remove 
a valence electron from a neutral gallium atom. 


3.2. Indium 


The are spectrum of indium was first investigated 
systematically by Kayser and Runge [13], who in 
1893 measured the wavelengths (2180 to 4511 A) of 
34 lines and arranged them in two subordinate spec- 
tral series. About 22 vears later Paschen and Meiss- 
ner [2] observed nine indium lines (4479 to 6900 A) 
and placed them in a principal series of doublets. 
In 1922 Uhler and Tanch [9] published wavelengths 
(2171 to 4511 A) for 34 indium lines, almost, but 
not quite, identical with the earlier list by Kayser 
and Runge [13]. An important contribution was 
made in 1938 by Paschen [3], who measured the In 1 
spectrum emitted by Geissler tubes and by furnaces, 
and published wavelengths (2179.90 to 9170.2 A) 
and term combinations for 107 lines, 27 of which lie 
in the far red and near infrared. Unfortunately, 
Paschen neglected to give any intensities to these 
new lines, 21 of which are quoted by Kayser and 
Ritschl [14] in their table of principal fines, although 
they are mostly very weak compared with other In1 
lines. We have tried to supply estimates of the 
relative intensities of these In 1 lines, but a few were 
too weak and hazy to measure on the spectrograms. 
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rare | The fi pectrum of gallium, Gat 
p 7 uled to longer wave 
Wave number 
Referer Wa and ( Term combination 
eng aleu 
aracter Observed werner 
1 on ” 
work 12100. 93 200 8255. 43 » 48 5s 75 5p P 
De 11040, 24 Oo R366. 45 6. 45 58 US jp P 
Deo 11103. 90 20 9003. 38 4 41 5p ?P 7s 3S 
Do 10068. 64 10 O114. 41 1. 38 5p ?P 73 3S 
Deo 10005. 96 100H 0166. 79 6. 79 id ?D if *} 
Deo 10898, 53 60H 9173. 05 3 O4 id?D if *} 
Deo 9593. O8 20h 10420. 35 0. 35 5p ?P 6d 
Deo U580_ 18 300h 10425. 56 ». 56 5p 2p 6d 
Deo 9492. 88 200h 10531. 32 1. 32 5p ?P% 6d ?] 
Deo 8044. 6 30h 11176. 9 6.9 5p ?P Rs 2S 
Deo R856. 6 20h 11287. 9 7.8 5p *Pi 8s 2S 
Do 8813. 7 30H 11342. 8 2. 8 id?D Sf 2h 
Deo S808. 0 20111 11349. 0 9.0 td 5f *t 
Deo 8420. 3 lof 11872. 8 2.9 td 6f 71 
De 8415.8 7H 11879. 1 % 1 id? 6f 71 
Deo R380. 2 10h 11916. 8 7.0 5p?P 7d?D 
De R386. 2 200h 11921. 1 * op ?P 7d?D 
Do 311.5 100h 12028. | 7.9 5p 2Py 742D 
Deo S171. 6 5H 12234. 1 1. | id?D 7f?t 
Deo 8167.5 3H 12240. 3 0.3 id?D 7f 7 
Do 8074. 25 20h 12381. 65 1. 63 5p ?P Ys 2S 
Deo 8002. 55 L5h 12492. 58 2. 60 Sp *P3 Ys 3S, 
Do 7R01. 6 th 12814. 3 4.2 5p?P 8d ?D 
Do 7800. 01 100h 12816. 97 6. 97 5p *Pi 8d ?D 
Do 7734. 77 5Oh 12025. OS 5. 1 5p *P5 &d?D 
Do 7620. 5 LOA 13118. 9 &. 9 Sp *Pi 10s 2S 
Do 7556. 6 6h 13220. 8 o8 Sp *P5 108 2S 
Do 7464. 0 30H 13393. 9 3.9 Sp ?Piy—9d 2D 
Deo 7403. 0 20711 13504. 3 oe Sp *P5 9d ?D 
De 7344. 3 5Al 13603. 0 3. 2 5p pe lls ?S 
Deo 7280. 6 3Al 13714. 4 | 5p *P3 lis 4S 
Do 7251. 4 10H 13786. 6 6. 6 5p *Py 10d ?D, 
De 7193. 6 5H 13807 4 7 5 jp P3 10d 21) 
Do 7172. 9 Qh 13937. 5 7.5 5p ?P3 12s 28, 
Deo 7116.3 lh 14048. 4 8&5 5p *P3 12s 2S 


Because the sources employed by 


Paschen emitted 





spectra of thallium was published 40 years ago by 














sharper lines, we have quoted his wavelength and 
wave number values in table 3 in addition to the 
measured wavelengths, estimated intensities, vacu- 
um wave numbers, and term combinations for 40 
Int lines ranging in wavelength from 6847.44 to 
12912.6 A. The remainder of the Int spectrum is 
fully presented (excepting intensities) in Paschen’s 
paper [3]. An extension of the 7D and *S series has 
been reported by Garton [15], but no details of 
measurement are available at present 

The complete list of atomic energy levels of In1 
is found in table 4, where Paschen’s term values 
appear (relative to 5s* 5p "Feu 0.00), and two new 
terms (5f*F° and 6f*F°) have been interpolated 
from our infrared observations 

From the limit, 46669.9 em~', an ionization poten- 
tial of 5.785 ev is derived for indium atoms 


3.3. Thallium 


The last complete compilation of literature on the 


Kayser {16}. As in the case of indium, the first 
careful investigation of the arc spectrum of thalliun 
was made in 1893 by Kayser and Runge [13], wh 
measured the wavelengths (2129 to 5528 A) of 49 
lines and assigned nearly all of them to a principal 
and to two subordinate Four additional 
visible lines were photographed in 1910 by Eder 
and Valenta [17], but to this day nobody has 

ported photographing the Tli spectrum beyond 
6714 A in the red. The infrared emission spectrun 
of thallium was first explored by Paschen [4], who 
employed a bolometer and galvanometer to detect 
about three dozen lines with wavelengths ranging 
from 8376.5 to 71170 A. The most prominent 

of these infrared lines (11513 and 13014 A) was 
accounted for by the established series terms, and 
most of the remainder were interpreted as in ag 

ment with values calculated from the Ritz com! 

tion principle applied to known Tl1 terms. 5 


series 
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TABLE | The first spectrun 


\\ Intensity 
ave 


Refer Leseait and 
_— character 
i 
This work 7106. 82 Dhl 
Deo 7051. 24 Sh 
Do 6413. 47 1000 
Do 6396. 58 2000 
ll 5359. 8 
11 9353. SI 2 
19] 1172. 048 10 
9} $032. 975 10 
9) 2944. 175 6 
4 2943. 639 6 
9] 2874. 240 6 
9] 2719. 664 3 
110] 2691. 29 Ss 
10} 2665. 05 10 
11] 2659. 873 3 
110 2632. 66 10 
f10) 2624. 82 8 
10 2607. 47 ) 
9 2500. 714 3 
9} 2500. 187 7 
9 2450. O78 6 
12 2418. 69 } 
12 2371. 29 3 
9 2338. 596 l 
12 2338. 24 3 
y 2297. 869 I 
12] 2294. 19 2 
9] 2259. 227 l 
1g 2255. 034 l 
9 2218. 039 l 


Paschen’s infrared Tl lines remain unexplained, 
though all theoretically possible Tl 1 terms of any 
nportance are now known Because some of the 
roposed combinations are discordant and are for- 
dden by rigid quantum rules, they must be re- 
irded with suspicion Additional doubt is cast 
ipon some of Paschen’s lines by the fact that in the 
inge observed both bolometrically and photo- 
raphi ally there are serious disagreements, Paschen 
ported some lines that we could not photograph 
nd we photographed some that he did not detect 
Chese differences are shown in table 5, which pre- 
ents the reported lines in the range of wavelengths, 
949.84 to 13013.2 A, 22 lines with greater wave- 
ngths, according to Paschen, being omitted. 

The Tl line at 13013.2 A is the greatest wave- 
ength that has been recorded by direct photography 
f metallic are spectra, and it could be recorded only 
cause it is intrinsically intense. By comparing the 


photographic density of this line with that of its 


ompanion at 11512.8 A, one can conclude that the 
ensitivity of the 1-Z emulsion for 13000 A is of the 


haded l rwa 
Wave number 
Per combinat 
Cale 
Observed oe d 
cm ° rn 

14067. 12 7. 07 yp ?P lld?D 
14178. 00 8. 04 5p ?P lid2D 
15587. 88 7. 88 58 2S ip ?P 
15629. 04 9. 04 5s 3S 6p ?P 
18652. 2 2.2 D8 2S 7p ?P5 
18673. 1 3. 1 5s 28 7p?P 
23962. 31 2. 34 tp?P 5s 2S 
24788. 61 8. OS tp P 5a 2S 
33955. 47 5. 43 tp ?P id?D 
33961. 66 1. 68 tp ?P td?) 
34781. 63 1. 67 tp Pox id?) 
36758. 39 8. 38 tp ?P 6s 2S 
37146 6 ip ?P tp ‘ip 
37511 2 tp ?P tp? +P 
37584. 62 1. 62 tp ?P 6s 2S 
37972 2 tp ?P tp? *P 
38087 7 tp ?P tp? *P 
38339 8 tp ?P. tp? *P 
39976. 53 6. 48 tp?P 5d?D 
39984. 96 1. 96 tp ?P 5d 2D 
10802. 67 2. 72 tp ?P 5d ?D 
$1332. 1 2. 2 tp ?P 7328 
$2158. 25 S. 44 tp ?P 7382S 
$2747. 57 9. 14 tp ?P fd ?D 
12754. OS 1. 35 Ip P 6d2?D 
$3505. 15 5. 6 ip ?P Ss 2S 
13574. 91 5. 38 ip ?P 6d?D 
14249. 19 9. 87 tp ?P 7d?D 
$4331. 46 1.8 ip ?P Ss 2S 
15070. 80 20 tp ?P 7d?2D 


order of one one-thousandth its maximum sensitivity 
near LLOOO A It would be a great boon to spectro- 
SCOPY if the proper dyes could be svnthesized and 


incorporated in emulsions to produce photographic 
sensitivity at still greater wavelengths 

The Tl 1 data available in 1922 were collected by 
Fowler [11] in his report on “Series in line spectra,” 
and the relative values of his atomic energy level’ 
referred to the ground state 6s? Gp ?P3 0.0) are 
presented below in table 6. together with the appro- 
priate quantum notation, and with the inclusion of 
two new terms (7f?F° and 8f?F°) derived from the 
infrared observations 

Longer series have been traced in the Tl 1 spee- 
trum than in any other spectrum excepting hydrogen 
and alkali metals. Thus in Tl1 the principal quan- 
tum number, or shell, for s electrons has been traced 
to 20. for p electrons to 16. for d electrons to 23. 
and for f electrons to 8. The extrapolated limit of 
these series is 49264.2 em™@' from the ground state, 
and the corresponding ionization potential of TI is 
6.1063 ev. 
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} le ct ror 
configuratior 


i s 1} 
i S) 5s 
is ‘) »p 
ts*(4S) 4d 
t S) 6 

ts 4p 


ts*('S) Gp 


is’?('S) 6d 
ts*(4S) 4/ 
is2(18) 8 


1s2(18) 8d 
$s2(18) 5/ 
$s°('S) 108 


$e?('S) Od 


to 


0% 
|! 


338 


66422 





Level value Interva 
sak oe 826. 24 
24788. 58 
S3044. O68 ~ 
13155. O8 L110. 97 
34781. 67 6 9o7 
34787. 92 ™ 
37584. 62 
37972 
38338 306 
38913 _ 
pap 11. 16 
10802 72 g 48 
10811. 20 
$2158. 44 
oe 2 20. 9 
13575. 38 7" 
3580. 59 
$ BGS I 
$4331. 9 
=79 
13076. 1 i 
15536. 66 
5ORO 9 
15972. 0 2.8 
$ j6130 
16273. 9 
6348. 9 0.6 
34 [8660.8 
416758. 2 
2 16941. 6 
3! 47022. 0 
47092. 52 
2% $7222. 10 
48380 
62100 
65796 626 














TABLE 3. First spectrum of indium, Int 





Intensity 
Wave lengt! and east hag 9 Tern combinatio! 
i a Observed Calculated 
i 1 cm-! cm 

12912. 6 10 7442. 2 1. 92 6s 2S 6p ?P 
11731. 5 20) 8521. 7 1. 92 6p *P 8s 2S 
11334. 9 20h 8819. 9 20. 10 6p ?P 8s 35 
10744. 5 100H 9304. 54 1. 6 5d 2D, 5f ?F§ 
10717. 5 60H 9327. 98 7.9 5d *D af #1 
10283. 9 5H 9721. 27 1. 44 6p ?P 7d?D 
10257. 3 200h 9746. 48 6. 78 ip ?P 7d ?D 
9977. 5 100h 10019. 8 9, 62 ip ?P 7d ?D 
9428. 2 20/ 10603. 6 3. 76 6p 2P Os 28 
9370. 4 60H! 10669. 0 9.0 5d ?D 6f 7h 
9350. 0 10111 10692. 3 2.3 5d *D 6f 7h 
9170. 2 10h 9170. 2 10901. 9 1. 04 bp ?P 9s 35 
8909. 6 th 8909. 53 11220. 86 0. 84 6p ?P 8d ?D 
R804. 7 10h S894. 48 11239. 85 9, 83 6p 2Pix &d ?D 
8700. 4 FO} 8700. 19 11490. 85 0. 84 5d ?D 7f *I 

8682. 7 20/ 8682. 64 11514. OS 1. OS hd ?D 7f *F i 
8679. 2 30h 8678. 03 11519. 00 9, 02 6p -P &d 2D 
S406. 8 15s 8496. 70 11766. 05 6. O04 6p ?P 10s 45 
R315. 0 15H 8314. YI 12023. 27 3. 28 5d ?*D gf *t 
8290. | OH 8298. 82 12046. 60 6. 59 5d ?*Du,— Sf 71 
S286. 7 10) 8286. 63 12064. 22 4. 22 6p *Pi,— 10s *S 
8249. | 2) 8248. 03 12119. 46 9. 47 6p ‘°P Yd ?D 
8238. 8 30H 8238. 64 12134. 59 1. 58 6p ?Pix Od ?D 
8070. 3 3H 8070. 18 12387. 90 7. 89 hd ?D of *t 
8055. 0 2H 8054. 98 12411. 27 1. 27 5d ?Dys— OF 71 
8050. 0 20H 8050. 81 12417. 70 7. 65 bp ?P Gd ?D 
8010. 0 7/ 8009. 93 12481. 07 1. 07 6p ?P lls 2S 
7903. 92 12648. 47 8. 47 5d 2Do,— 10f 71 

7889. 28 12671. 94 1. 92 5d 2Dy.—10f 2F iy 

7871.8 2H 7871. 71 12700. 23 0. 27 6p ?Pi,, — 10d *D 
7TS64. 5 10H 7864. 27 12712. 24 2. 23 op P 10d *D, 
7823. 0 5h 7823. OS 12779. 17 4. 25 op P 11 Ss 
7785. 33 12841. 14 1.14 5a ) 11 I 
7771. 26 12864. 39 1. 38 jd 21 lif I 
7697. 6 12987. 5 7. 50 Wd ?D 12f 21 

7691. 2 6H 7691. 04 12998. 57 8. 45 6p ?P 10d ?D 
7628. 0 tH 7627. 83 13006. 28 6. 29 6p ?P lid ?D 
7464 2H 7463. 48 13394. 8Y 1. ¥O 6p ?P lid ?D 
6900. 14 1000 6900. 13 14488. 49 8. 48 6s 3S 7p ?P 
6847. 45 2000 6847. 44 14599. 97 9. 97 6s 2S 7p ?P 
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The difference be 
difference equation, defined in the same 
s estimated under the assumption that the 
derivative rhe bound ¢ 


tween the solution 


1. Introduction 





Probably the most widely used approach for the 
merical solution of differential equations for which 
mple analytic solutions are not available consists in 
placing the differential equation by a finite differ- 
ce equation. The difference between the exact 
itions of these two problems is usually called 
ymewhat inappropriately 
It is highly desirable, for numerical calculations, 
to have adequate estimates of this truncation error. 
Phere exist in the literature numerous investigations 
of this problem. We shall be primarily concerned 
with the case of the first boundary value problem for 


' 


the truncation error 


elliptic partial linear differential equations. Some 
references to the literature for this case are listed at 
the end of this paper. All these investigations, as 
far as they are mathematically complete, suffer from 
the defect that the estimates given depend on bounds 


w the derivatives of the unknown solution of the 
differential equation itself. Such bounds can in gen- 
eral not be found without effectively solving the dif- 
ferential equation. Thus the value of these estimates 
consists essentially in giving information about the 
order of magnitude of the truncation error in terms 
of the mesh length used, and in helping to form 
reasonable guesses as to the size of the error. 

It turns out that, with the difference expressions 
used in most numerical work, and for a square net of 
mesh length A the truneation error is of the order 

x) Oh provided the boundary values and the equa- 
tions of the boundary curve C’ possess bounded fourth 
lerivatives, and provided the boundary values of the 
difference equation problem are suitably adjusted 

g. [3|?). This estimate is then valid in the 

b whole domain B. 

= The bound for the truncation error given by P. C. 
Rosenbloom in [6] is somewhat different. It depends 

only on the modulus of continuity in B+C of the 

unknown harmonic function, but it is a pointwise 
estimate that deteriorates indefinitely at points near 
the boundary. 

Thus there remain a number of unsolved problems 
of theoretical as well as computational interest: The 
ideal would be a pointwise estimate of the truncation 
error, valid if the boundary curve and the boundary 
values are piecewise analytic. This error estimate 
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of the Laplace differential equatior 
rectangle and assuming the same 
boundary function possesses a bounded third 
»btained is of the order of magnitude of the square of the mesh lengt! 


On the Truncation Error in the Solution of Laplace's 
Equation by Finite Differences 


Wolfgang Wasow 


Laplace 
values 


and the 
boundary 


should have the highest possible order in h, and, at 
the same time, it should not be unduly wasteful. It 
should, of course, depend only on quantities that can 
be easily computed from the data 

From the theoretical viewpoint the order of mag- 
nitude of the error is the most interesting quantity. 
In particular, one would like to know the exact way 
in which a weakening of the smoothness required of 
the data affects the global and local order of the error. 

For computational purposes an estimate will be 
most useful if it vields small bounds for the error 
at moderate sizes of A. Thus 10h is a better bound 
in practice than 10,000h? 

The contents of this note are intended as a first 
exploratory step toward the examination of these 
questions. The error estimate for Laplace’s equa- 
tion in a rectangle given below in formulas (18) and 
(19) is of order O(h*), with coefficients of moderate 
size, although it depends on bounds for the third 
derivatives of the boundary values only, and in spite 
of the fact that a rectangle is a domain with corners. 
It is hoped that this special result may help to 
stimulate more general investigations. 


2. Truncation Error for Dirichlet’s Problem 
in a Rectangle 


Let B be the rectangle with vertices (0,0), (1.0), 
(1,5), (0.6) where 6 is a rational number. The 


prescribed boundary function f is assumed to be 
continuous on the boundary C of B and to possess 
bounded third derivatives on each closed side of C. 

We denote the Laplacian, as usual, by Au and 
write A,r for the expression 


l 
slo(at+h,y)+e(r4—h,y)+e (2, y+h) 


h 
h)- 


For any value of A such that 1/A and 6/A are integers 
we denote by wu,(z,y) the function, defined at all 


to(zr,y- 4v(z,y)|. 


netpoints (nh, mh) in B+-C, where n,m are integers, 
for which 

A,u,=0, mnB 
and 

u=f, ond. 


If uw designates the solution of the corresponding 
Dirichlet problem for the operator A, then we are 
concerned with the truncation error u— uy. 
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It is desirable to deal with boundary values that 
vanish at the four vertices. To this end we intro 
duce the harmonic polynominal ((2,y), defined by 
b-Q (x, y Ago (r—1) (y—b Ayr (y—b Ayry 
Agls l)y, where Ag, Ay, ete. are the values of / 
This function solves both the differ- 
If we replace the 


at the vertices 
ence and the differential equation 
boundary values f by 


{*—f—f 


we obtain therefore a new problem for which the 
truncation error is the same as for the original prob- 
lem, since the truncation error corresponding to the 
boundary problem determined by the values of 
Viz,y) on © 1s zero It is clear that /* vanishes at 
the vertices Also the second and higher derivatives 
of {* are the same as those of / 

The truncation error can be considered the sum of 
four terms, each corresponding to boundary values 
that are zero except on one of the four sides of the 
Therefore, we assume temporarily that 
There f*=f*(2 


rectangle 
/* is zero except on the side y=0 
is a function of z alone 

The solutions of Au=0 and A,u,—0 for these 
boundary values can be written, respectively, 


Usr.y Send Yur) sm nrs l 
i/h 
Up ry 2 Ved Bn h) sin nee, 2) 
where 
c,=2] f*(® sin natdt 3 
ih 
¥n—=2h>*f*(rh) sin narh 1) 
_—— 
r=! 
g(y,2)=sinh (6—y)z/sinh bz, 5) 
and 8, is the solution of 
8. nher 
sinh —"=sin —— 6) 


These well-known formulas can be readily verified 
by substitution 

We next collect a few facts needed for the com- 
parison of uw and u, 

To find an estimate of the Fourier coefficients c, we 
integrate the right member of formula (3) by parts 
three times, obtaining the formula 


“in 


This implies 


c,| <An=3, ( 





WwW here 


—— ” - { 700 
K f’’(1), + | f''(0)||4+—, max | f’’’(2 
_ 


The Fourier coefficients c, and the “‘interpolat 


coeflicients’’, y,, are related by the equation 





This relation can readily be proved by express 
f*(rh) in (4 by its Fourier series See also 


references in [7] Combining (7) with the last 


mula we find, for n<1/h, 


Cc 7.1% K > 2k h an i! ? 2k h n 
+e) +(1-9) 
+f [(e4 3) +(e) Jae 


Ca y » < l 7Kh . for i= l h 


eae 
<K=)(1 


Hence, 


Next we need anestimate of the difference g(y, nx 
a(y, Balh To this end we express 8,/2, as given 


by (6), in terms of nhx/2 by means of Taylor’s for 
mula. <A straightforward calculation shows that 


Bp PW hh Y 


») ») ») 





where 7? is the value of 


— cos @ (1 2 sin? «)(1+sin? ¢)~*/? 


0 


at a certain mean value of o in the interval 


0<a< nhr/2 


Hence 
8,—nhe| <(nhr)§/12. LU 





In order to estimate the difference g(y,nz 
a(y,8,/h) with the help of the theorem of the mean 
we have to estimate the right member of the formula 


d > : 

> gly, 2 5 sinh? bz 
< {(26—y) sinh yz —y sinh (26—y)z 

We observe that sinh t/t is an increasing function o! 

t, fort>0. Therefore, 


d —— * . . 
0< g(y, 2) <5 sinh~? bz sinh (26—y) z, 


dz * « 
for z>0, y>0. 











s expression we shall apply the inequalities 


sinh kt << sinh ¢ for 0< - 3 
sinh t> 5 (1—« é t>é¢, >6. 14 
second of these inequalities is obvious. The 
ollows from 
sinh kt/sinh t=e" l—e 1—é¢ 
ve shall need the ine qualities 
t : - 
“-_. p, A- Tl for l<n<l h. LS 
e second of these is a consequence of (6); the first 
an be proved as follows 
Se nher nher nha nh 2 } 
sinh = ( sin : . ) i? oem 
8, nhe or 
sinh ", = >" 
nee sinh z/z is an increasing function of z for =0, 
5. ifn _t x3 
sinh —/=;: arsinh 5 5 
= 8 2 
9 3 sinh 9 = nh, 
vhich completes the proof of (15 Applying (13), 
14) and (15) to (12) we obtain 
] Sr ] h 
j ] 
7] l1—ée ye~" , for; B,/h- nT 
(O< y<b 
d therefore, using (10), 
Be T — 
ras — TY NTF ] é Ye ie h?, 
h vsti a + 
for 1 <nsl h. 16 


We conclude these preparatory remarks with the 
juality 


O0<gly, 2 1. for 0< ys b. 17 


hich is an immediate consequence of the definition 


] ie 
We are now ready to estimate ju—wu,|. To this 
d we write, using (1) and (2), 
u— Uys R, R, +R ; 








. R, > - qViy,nur 4. B, ch 
R 2s en WY ne 
From (9) and (17) we conclude that 
R, < l TKK 


7) it follows that 


and from 


In order to estimate R,, we note that, in view of (7 


and (9), 


kK h ] Th 


in 


Using also (16) we obtain, by summation, 


Ry <(1—< K(2.7) 5 1h? 
Since 
ye l ” for y>0, 
this yields 
R,<5.24(1—e-* kh 
and, hence, adding these inequalities, 
u—U, [2.3+5.24(1—e | Ah’. 


If we denote by M, the numerical maximum of the 
second derivative of the given boundary function at 
the vertices of the rectangle, and by ./, the numeri- 
cal maximum, anywhere on C, of the third derivative 
of the boundary function, the last inequality can be 
replaced, in view of (8), by 


u—u,| <[.297+.676(1 VW.+.319M,)h?. 


Finally, if the sides of the rectangle are A, B in- 
stead of 1.6 a homothetic transformation vields the 


formula 


Uy 297 +-.676(1 V.+-.319A M,)h?. 


We recall that this formula is valid only for bound- 
ary values that vanish except on the side y=0. For 


the full truncation error three analogous expressions 
have to be added to the right member of the last 


inequality, leading—with some rounding off to 
shorten the expression—to 
u—u,| <([.6+1.4(1—e-*? M,+-.32AM,)h? 
+ 1.6+1.4(1 —e-*4/54 M,+-.32BM,jh 
LS) 
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